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Abstract 
 
Ettlia oleoabundans, a freshwater green microalga, was grown under different environmental 
conditions to study its growth, lipid yield and quality for a better understanding of the 
fundamental physiology of this oleaginous species. E. oleoabundans showed steady increase in 
biomass under low temperature and low light intensity, and at high temperature lipid cell content 
significantly increased independent of nitrate depletion. Studies on light quality showed that red 
light treatment did not change the biomass concentration, but stimulated lipid yield especially 
oleic acid, the most desirable biodiesel precursor. Moreover, no photoreversibility in lipid 
production was observed when applying alternating short-term red and far-red lights, which left 
the phytochrome effect still an open question. In addition, carbon dioxide enrichment via an air 
sparging system significantly boosted exponential growth and increased carbon conversion 
efficiency. Finally, a practical study demonstrated the feasibility of growing E. oleoabundans for 
high lipid production using a diluted agricultural anaerobic waste effluent as the medium. 
Together, these studies showed the potential of E. oleoabundans as a promising high yield 
feedstock for the production of high quality biodiesel. 
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Chapter 1: Introduction and Literature Review 
 
  
2 
 
1.1 Microalgae and oleaginous algal species  
Microalgae represent a diverse but specialized group of oxygenic photosynthetic microorganisms 
widely distributed in global aquatic and terrestrial ecosystems (Richmond, 2004; Mata et al., 
2010). They are adapted to a variety of ecological habitats including marine and freshwater with 
wide ranges of temperature, light, pH, salinity, and nutrients (Hu et al., 2008). Among over 
40,000 algal species identified in the world, green unicellular eukaryotic algae (Chlorophyceae) 
have been studied most extensively (Richmond, 2004; Hu et al., 2008).  
Green microalgae and terrestrial higher plants share similar photosynthetic mechanisms 
as well as many other metabolic pathways such as long chain fatty acid synthesis (Richmond, 
2004; Murphy, 2001; Thompson, 1996). One distinct advantage of choosing unicellular 
microalgae as an experimental model is that microalgal cells remain more or less 
undifferentiated; they do not form specific tissues and organs. This feature simplifies many 
plant-related studies at the molecular and cellular level, which in turn provides feedback useful 
for studies in higher plants (Thompson, 1996; Richmond, 2004). Other advantages of studying 
green microalgae include their rapid reproduction, high photosynthetic efficiency, effective 
nutrient uptake, and relatively simple culture maintenance (Hu et al., 2008; Rosenberg et al., 
2008; Gouveia and Oliveira, 2009; Mata et al., 2010). Microalgae are robust photosynthetic 
factories capable of converting carbon dioxide to a variety of useful products such as fatty acids, 
carotenoids, enzymes, polymers, and antioxidants (Chisti, 2007). These value-added products are 
currently offering great potential in the world markets of nutrition, pharmaceuticals, and 
important to this study, biofuels (Rosenberg et al., 2008).  
According to the US Energy Information Administration’s (EIA) Annual Energy Outlook 
2013, there is a projected 0.3% annual growth in total primary energy consumption from 2011 to 
2040 in the US, and one major energy sector is transportation. Meanwhile, the increase in 
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biofuels, including bioethanol and biodiesel, is expected to contribute by energy content to 6% of 
the total petroleum and other liquid fuel consumption in 2040. Because of this trend, oleaginous 
microalgal species are considered possible feedstocks for renewable transportation fuel 
production. Compared with traditional terrestrial oil crops such as soybean, canola, and oil palm, 
microalgae are able to grow under harsher conditions, require less land, and avoid competition 
with fertile fields; they also do not tap into the human food chain, or create new net carbon debts 
(Chisti, 2007; Schenk et al., 2008; Mata et al., 2010). Microalgae-based biodiesel production is 
projected to show 10-20 times greater productivity per unit area assuming an average of 30% 
(w/w) oil content in algal cells (Akinci et al., 2008; Mata et al., 2010). Specifically, evaluations 
suggest significantly higher microalgal oil yields per unit area are robust enough to satisfy 50% 
of the current transportation fuel needs by occupying only 1-3% of terrestrial cropland in the US 
(Chisti, 2007). Microalgal biodiesel, therefore, may provide a consistent and strong stimulus to 
further expand the current scale of worldwide production of second generation biofuels.        
On average, the intracellular carbon content of microalgae is about half of a cell’s mass 
(Morweiser et al., 2010). By using the stored carbon, microalgae can provide a wide variety of 
oil products including neutral storage lipids such as triacylglycerides (TAGs) and polar structural 
lipids such as phospholipids, glycolipids and sterols (Hu et al., 2008; Mata et al., 2010; 
Georgianna and Mayfield, 2012; Rawsthorne, 2002). These lipid products can be transesterified 
to the corresponding fatty acid methyl esters (FAMEs) as biodiesel precursors. The green 
colonial microalga, Botryococcus braunii, on the other hand, synthesizes considerable amounts 
of long-chain hydrocarbons and related ether lipids (Banerjee et al., 2002; Metzger and Largeau, 
2005). These long-chain hydrocarbons are instead thermal cracked and liquefied to produce 
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alkanes with shorter carbon chain length for gasoline (petrol) or jet fuel (Georgianna and 
Mayfield, 2012; Luo et al., 2010). 
 
1.1.1 Ettlia oleoabundans 
Ettlia oleoabundans (previously named Neochloris oleoabundans, Deason et al., 1991, 
hereinafter referred to as Ettlia) is a fresh water single-cell microalgal species originally isolated 
from the surface of sand dunes in Saudi Arabia (Chantanachat and Bold, 1962). This round-
shaped green alga is 3-10 µm in diameter depending on its growth stage and environmental 
conditions. A vegetative coccoid cell with a single nucleus is the dominant cell type. Ettlia 
reproduces asexually by releasing zoospores from enlarged mother cells (diameter > 10 µm) to 
complete its cell cycle as illustrated in Fig. 1.1 (da Silva et al., 2009; Loera-Quezada et al., 2011; 
UTEX culture collection of algae).  
As summarized in Table 1.1, studies on Ettlia include, but are not limited to, 
investigating the effects of light intensity (Wahal and Viamajala, 2010; Loera-Quezada et al., 
2011; Sousa et al., 2012), temperature (Gouveia et al., 2009), nutrients (Tornabene et al., 1983; 
Li et al., 2008; Gouveia et al., 2009), and salinity (Band et al., 1992; Arredondo-Vega et al., 
1995; Santos et al., 2012) on its growth and lipid production. Ettlia has also been grown in 
certain nontraditional environments including anaerobically digested waste materials (Levine et 
al., 2011; Wang and Lan, 2011; Yang et al., 2011) and open ponds (da Silva et al., 2009; Murray 
et al., 2011). In 1 L cultures the maximum biomass concentration of Ettlia normally reached 1.0-
1.5 g L
-1
 (Gouveia et al., 2009; Gouveia and Oliveira, 2009; Yang et al., 2013), and in certain 
photobioreactors where nutrients, light intensity and pH were better controlled, yields of > 2.0 g 
L
-1
 were achieved (da Silva et al., 2009; Li et al., 2008) with the highest reported at 6.0 g L
-1
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(Pruvost et al., 2009). Ettlia is reported to accumulate total lipids up to 30-50% of its cell dry 
weight with 80% being neutral TAGs (Tornabene et al., 1983; Li et al., 2008; Gouveia et al., 
2009). Among all types of long chain fatty acids produced, oleic acid (C18:1) was usually the 
predominant one (Tornabene et al., 1983; Gouveia et al., 2009; Santos et al., 2012; Yang et al., 
2013). Oleic acid is the preferred fatty acid for use in biodiesel (Knothe, 2008). Ettlia is, 
therefore, a promising oleaginous species for biodiesel production. 
  
 
                                                                           
                                      
 
                                                   
 
 
Fig. 1.1 Life cycle of Ettlia oleoabundans. a. Vegetative single coccoid cell. b. Formation of 
zoospores in mother cell. c. Enlarged zoospore-enclosed mother cell. d. Release of zoospores 
from mother cell. e. Newly released zoospores. 
 a  b 
 c  d  e 
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Table 1.1 Comparison of recent studies on biomass and lipid production by Ettlia oleoabundans. 
Medium and 
condition 
Light regime 
(bulb type and 
intensity) 
Temperature Carbon dioxide 
supplementation 
(v/v) 
Exponential 
specific 
growth rate 
(day-1) 
Cell dry weight 
(g/L) 
Lipid/cell content 
(%w/w) 
Relative 
composition of 
specific fatty 
acid 
References 
Modified 3N BBM Cool-white 
3000 lux 
28 – 31 ˚C 1% CO2 n/a n/a 35-54% total lipids 
(chloroform: methanol 
extraction) 
28-43% TAGs (thin-
layer chromatography) 
15% C16:0, 
3.5% C16:1, 
36% C18:1,  
 
Tornabene 
et al., 1983 
MD medium with 
salt-osmotic 
upshock 
Daylight tubes 
100 µmol∙ m-2∙ s-1 
25 ˚C n/a n/a 0.25 25% total lipids 
(chloroform: methanol 
extraction) 
n/a Band et al., 
1992 
Soil extract 
medium with 
different nitrogen 
sources  (NaNO3, 
(NH2)2CO, 
NH4HCO3) 
n/a 
360 µmol∙ m-2∙ s-1 
30 ± 2 ˚C 5% CO2 1.20 1.1 – 2.4 18-38% (diethyl ether 
extraction) 
n/a Li et al., 
2008 
Bristol medium Fluorescent light 
150 µmol∙ m-2∙ s-1 
26 or 30 ˚C Ambient air or 
5% CO2 
0.73 0.3 – 1.6 20-55% total lipids 
(flow cytometry 
analysis)  
18% C16:0, 
38% C18:1,  
8% C18:3 
Gouveia et 
al., 2009 
Modified 3N BBM 
in airlift 
photobioreactor  
Daylight 
fluorescent tubes 
270 µmol∙ m-2∙ s-1 
25 ˚C Automatic 
injection of CO2 
to maintain pH 
1.65 1.1 – 1.5 
 
> 6 if nutrients in 
high excess 
(18N9S4P)  
25-37% total lipids 
(chloroform: methanol 
extraction) 
3-18% TAGs (hexane 
extraction) 
n/a Pruvost et 
al., 2009 
Bristol medium in 
closed sleeve 
photobioreactor 
Fluorescent light 
150 µmol∙ m-2∙ s-1 
25 ˚C n/a 0.16 2.0 11% total lipids 
(chloroform: methanol 
extraction) 
19.4% C16:0, 
1.9% C16:1, 
20.3% C18:1, 
17.5% C18:3 
da Silva et 
al., 2009 
Diluted 
anaerobically 
digested dairy 
manure 
Cool-white +  
plant & aquarium 
bulbs 
200 µmol∙ m-2∙ s-1 
23 – 25 ˚C 2-3% CO2 0.22 0.3 – 1.0 2-10% FAMEs (GCMS 
analysis) 
26.4% C16:0, 
1.5% C16:1, 
41.1% C18:1, 
6.4% C18:3 
Levine et 
al., 2011 
Modified seawater-
type medium 
Fluorescent light 
30 µmol∙ m-2∙ s-1 
30 ˚C 4% CO2 n/a 1.0 8-35% FAMEs (GCMS 
analysis) 
22.3% C16:0, 
0.4% C16:1, 
43.6% C18:1, 
4.9% C18:3 
Santos et 
al., 2012 
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1.1.2 Other microalgal species 
Compared with Ettlia, currently the most extensively studied microalgal genera include 
Chlamydomonas, Chlorella, Haematococcus, and Dunaliella, all of which belong to the class of 
Chlorophyceae (Rosenberg et al., 2008). These species have been commercially applied for the 
specific production of, for example, astaxanthin, β-carotene, whole-cell dietary supplements, and 
pharmaceutical proteins (Spolaore et al., 2006; Rosenberg et al., 2008). Genetic engineering has 
been performed on these species through nuclear or chloroplastic transformation to initiate 
control over a specific metabolic pathway or trigger overexpression of a desirable protein (León-
Bañares et al., 2004). For instance, a high light resistant Chlamydomonas reinhardtii strain was 
constructed by down-regulating the expression of light harvesting complex proteins via RNA 
interference. Thylakoids became less compactly stacked in the chloroplast, thus allowing 
increased light penetration in dense aquacultures and triggering a stronger high light tolerance 
for the genetically modified Chlamydomonas strain (Mussgnug et al., 2007). For biofuel 
production, considering fast growth rate and high lipid content per cell, typical candidate species 
include Chlamydomonas reinhardtii, Dunaliella salina and several Chlorella species (Scott et al., 
2010). For these species, lipid content per cell of 20-40%(w/w) are commonly reported (Chisti, 
2007). For example, Chlorella vulgaris can reach a maximal TAG productivity at 46 mg L
-1
 day
-
1
 with a cellular lipid content up to 46%(w/w) in a naturally nitrogen depleting environment 
(Stephenson et al., 2010).  
 
1.2 Biosynthesis of lipids in microalgae  
For autotrophic microalgae, fatty acids are exclusively synthesized from the pool of 
photosynthetically fixed carbon, and the synthetic pathway requires a large consumption of ATP 
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and NADPH, which are derived from the light reactions of photosynthesis. Fatty acid synthesis 
begins in plastids from ATP-dependent acetyl-CoA carboxylase directed carboxylation of acetyl-
CoA to malonyl-CoA, which in turn transfers its malonyl group to an acyl carrier protein (ACP) 
to form malonyl-ACP (Fig. 1.2). A condensation reaction between acetyl-CoA and malonyl-ACP 
yields acetoacetyl-ACP that is then converted to butyryl-ACP (4:0-ACP) with the oxidation of 
NADPH to complete the first cycle in fatty acid synthesis. A new cycle is initiated with addition 
of another malonyl-ACP to the existing acyl backbone that can be subsequently elongated to 
form C14-18 fatty acids by a series of Type II fatty acid synthase reactions. Therefore, in each 
cycle two carbons are provided by malonyl-ACP and added to the growing carbon chain with 
mainly 16:0-ACP and 18:0-ACP produced (Fig. 1.2). Most 18:0-ACP is further converted to 
18:1-ACP by stearoyl-CoA desaturase through Δ9-desaturation. Therefore, 16:0-ACP and 18:1-
ACP are the two major fatty acid synthesis products in plastids. Finally, the acyl chain is cleaved 
by the ACP-thioesterase to release free fatty acids, which are precursors of glycolipids and polar 
lipids, the building blocks of semi-permeable bilayer membranes (Thompson, 1996; Rawsthorne, 
2002; Ramli et al., 2002; Courchesne et al., 2009).  
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Fig. 1.2 Fatty acid and triacylglycerol synthesis in plastid and endoplasmic reticulum of algal 
cells. 
 
Alternatively, the newly synthesized fatty acids can be channeled through the cytosol as 
acyl-CoAs into specialized domains of the endoplasmic reticulum (ER) for neutral TAG 
production (Hu et al., 2008; Ramli et al., 2002; Rawsthorne, 2002; Murphy, 2001). Fatty acids 
are first added to glycerol-3-phosphate to form lysophosphatidate, then phosphatidic acid, and 
further to diacylglycerides (DAGs) and finally TAGs through a series of acyltransferase directed 
reactions (Fig. 1.2). In the ER, the free fatty acids can be further modified by membrane bound 
elongases and desaturases such as Δ9, Δ6 and ω3 desaturases (for long-chain fatty acid 
Acyl-CoA 
pool 
Plastid Endoplasmic reticulum (ER) 
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nomenclatures, see Appendix I Fig. S1.1), which increases the diversity, but not necessarily the 
yield, of fatty acids in TAGs (Courchesne et al., 2009). From a carbon metabolism perspective, 
both “step 1: fatty acid synthesis in plastids” and “step 2: lipid assembly in the ER” exert 
significant carbon flux onto overall TAG synthesis. Therefore, modification of a single enzyme 
step is not sufficient to significantly alter the final TAG yield (Ramli et al., 2002). Simplified 
fatty acid and TAG synthetic pathways are illustrated in Fig. 1.2.  
TAGs tend to accumulate to create TAG-rich microdomains sandwiched between the ER 
bilayers, and finally this microdomain “buds off” from the ER membrane as an individual 
subcellular monolayer assembly known as a lipid body (Murphy, 2001; Napier et al., 1996). 
TAGs are the hydrophobic core of the lipid body and contribute to almost 95% of its volume 
(Napier et al., 1996; Murphy, 2001). When needed, the large surface-area-to-volume ratio of a 
lipid body ensures efficient breakdown of storage neutral lipids to useful metabolites (Napier et 
al., 1996). For example, in Chlorella ellipsoidea, TAGs enclosed in lipid bodies were reused for 
polar lipid synthesis especially during the process of cell division where one of the three 
nonpolar hydrophobic fatty acid tails in TAG was replaced by a phosphate group as a charged 
hydrophilic head (Otsuka and Morimura, 1966).  
Lipid bodies exist in various microalgal species as cytosolic TAG-rich droplets (Murphy, 
2001). Interestingly, microalgae are capable of producing excessive TAGs under stress 
conditions until the environment permitting normal cell growth and division is re-established 
(Guckert and Cooksey, 1990). The most common driving force for TAG accumulation is 
nitrogen limitation or depletion (Richmond, 2004). Increased salinity and high light intensity 
have also been found to trigger neutral lipid synthesis in microalgae (Arredondo-Vega et al., 
1995; Falkowski and LaRoche, 1991). Once a more optimal condition is restored, rapid algal 
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growth resumes, and most TAGs undergo structural modification to meet the demand for 
biosynthesis of mostly membrane lipids (Murphy, 2001; Thompson, 1996). Free fatty acids can 
also be released directly from the TAG backbone and catabolized via β-oxidation to provide 
energy (Murphy, 2001).  
Compared with higher plants and other multicellular organisms, unicellular microalgae 
are much more susceptible to external stress since their living environment is very poorly 
buffered. Therefore, TAG-rich lipid bodies are tremendously useful in balancing the intracellular 
environment of microalgae by controlling carbon flux (Murphy, 2001). In adverse conditions, 
rather than supporting cell growth and reproduction, consumption of ATP and NADPH for TAG 
synthesis is considered a special strategy for building carbon and energy reserves in microalgae 
(Thompson, 1996).       
Genetic engineering has been used to enhance the lipid yield of microalgae with the 
major approach aimed at overexpressing the key enzymes in the TAG synthetic pathway 
(Courchesne et al., 2009). The most extensively targeted enzyme is acetyl-CoA carboxylase, 
which converts acetyl-CoA to malonyl-CoA, the first committed step in fatty acid synthesis 
(Rawsthorne, 2002). Page et al. (1994) demonstrated that acetyl-CoA carboxylase was the major 
flux control point in regulation of light-stimulated lipid synthesis in barley and maize leaves, 
thereafter this enzyme was overexpressed to test its impact on overall lipid yield in many other 
plants. However, when the cytosolic acetyl-CoA carboxylase from Arabidopsis was 
overexpressed in rapeseed (Brassica napus), though a 10-20 fold higher enzyme activity was 
detected, there was only 5% increase in the total oil content in seeds (Roesler et al., 1997). This 
suggested that besides acetyl-CoA carboxylase, there was another rate-limiting step involved in 
fatty acid synthesis in plastids (Courchesne et al., 2009). Since lipid biosynthesis is composed of 
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both fatty acid synthesis in plastids and TAG formation in the ER, a top-down (metabolic) 
control analysis by Ramli et al. (2002) using oil-palm and olive callus cultures quantitatively 
revealed that only 60% of the control over lipid biosynthesis resided in the plastid block, the 
other 40% was manipulated in the ER block, demonstrating that overexpressing genes 
responsible for fatty acid synthesis in the plastid was not sufficient to increase overall TAG yield. 
Another strategy for increasing total lipid yield is by blocking competing pathways, 
mainly by limiting lipid catabolism, ß-oxidation. However, since lipid catabolism provides 
energy for cells to maintain physiological activities, once blocked, the increase in lipid storage is 
only achieved at the cost of reduced cell growth and proliferation (Radakovits et al., 2010). Fulda 
et al. (2004) reported that in Arabidopsis thaliana, inactivation of peroxisomal long-chain acyl-
CoA synthase (LACS) isozymes, LACS6 and LACS7, led to delayed breakdown of storage 
lipids. A side effect of delayed lipid breakdown was that exogenous sucrose was needed for 
seedling establishment. In microalgae, however, the consumption of storage TAGs can satisfy 
cellular ATP demands and support cell division, so although TAG accumulation per cell is 
increased, blocking ß-oxidation leads to significantly reduced cell growth. As a result, algal 
biomass is reduced, so an inducible promoter may be a useful regulatory tool. Such a promoter 
would only be activated to overexpress TAG synthetic genes after high biomass concentration is 
achieved, for example, when cells have entered the stationary phase (Radakovits et al., 2010). 
Poulsen and Kröger (2005) suggested that a nitrate-responsive promoter was a feasible choice for 
transgenic diatoms. 
 
1.3 Triacylglycerides-derived FAMEs and biodiesel quality 
Lipids can be extracted from microalgae and converted to the corresponding FAMEs through 
transesterification with methanol catalyzed by either acid or akaline as illustrated in Fig. 1.3. The 
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raw FAMEs, much less viscous than original fatty acids, are the potential precursors of second 
generation biodiesel (Eder, 1995).  
 
 
                Triacylglyceride          (3) methanol              glycerol           fatty acid methyl esters 
                       (TAG)                                                                                      (FAMEs) 
Fig. 1.3 Transesterification of TAGs to produce FAMEs (R1, R2, R3: long-chain alkyl groups). 
 
To evaluate the process of TAG accumulation in microalgae, biomass productivity and 
lipid content per cell are measured. Furthermore, to enhance the competitiveness of microalgae 
in the biodiesel market, the quality of microalgal biodiesel, mainly determined by its FAME 
profile, needs to be guaranteed. Some important biodiesel characteristics include ignition quality 
(cetane number), cold-flow property, heat of combustion, and oxidative stability (Hu et al., 2008; 
Knothe, 2008; Levine et al., 2011; Schenk et al., 2008). Considering these fuel criteria as well as 
the fact that most microalgae produce C14-20 even-carbon-number straight fatty acid chains 
(including saturated, monounsaturated and polyunsaturated fatty acids), oleic acid (C18:1) is the 
preferred component (Gouveia and Oliveira, 2009; Knothe, 2008; Levine et al., 2011). 
Palmitoleic acid (C16:1), with a shorter carbon chain but better cold-flow properties than oleic 
acid, is also a desirable biodiesel fatty acid (Knothe, 2008). However, biodiesel with linolenic 
acid (C18:3) fractions > 12% is not recommended according to EN-14214 European 
specifications for diesel fuels (EN-14214, 2003; Duvekot, 2011). Too many double bonds make 
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the fuel susceptible to oxidation and thus less stable. Whereas Schenk et al. (2008) suggested that 
a mixture of C16:1, C18:1 and C14:0 at the ratio of 5:4:1 may be an “ideal biodiesel mix”, it is 
normally easier to synthesize high quality biodiesel containing only one major FAME as 
concentrated as possible (Knothe, 2008).  
 
1.4 Photosynthetic machinery and photoreceptors in microalgae 
Photosynthesis is essential to all autotrophs. Through the unique mechanism of light capture, 
autotrophs can convert solar energy to stored chemical energy such as ATP and NADPH, 
transform CO2 to carbohydrates, and oxidize water to O2 (Anderson, 1986). For microalgae, 
photosynthesis is basically the driving force for all physiological activities, and photosynthetic 
derived organic carbon products are the building blocks of various proteins, carbohydrates and 
lipids. Ideally, the theoretical maximum growth rate should be the same as the maximum 
photosynthetic rate of a given algal culture (Richmond, 2004). Short-term variations in light 
intensity, quality and duration can trigger physiological responses for photoacclimation on a time 
scale shorter than or comparable to a generation of algal cells (Anderson, 1986; Smith et al., 
1990; Falkowski and LaRoche, 1991). Photoacclimation of microalgae usually includes, but is 
not limited to, morphological changes in cell volume and thylakoid membrane density, 
physiological changes in respiration and proliferation, and content and composition changes in 
pigments and lipids within the cell (Falkowski and LaRoche, 1991). 
Regarding light intensity, the shift from saturating to subsaturating intensity initiates an 
energy crisis in microalgal cells. Therefore, cells tend to over-construct their photosystem (PS) 
reaction centers especially PS II to capture more light to maintain high growth rates and reduced 
respiration. This diverts the carbon flux from lipid and carbohydrate synthesis to protein 
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production (Senge and Senger, 1990; Fisher et al., 1996). When switching from low to high light 
intensity, photosynthetic pigments and proteins are degraded and organic carbon allocation is 
redirected toward lipid and carbohydrate synthesis (Falkowski and LaRoche, 1991; Friedman et 
al., 1991; Sukenik et al., 1990). Secondary carotenoids are also produced to prevent the reaction 
center from excess light exposure (Richmond, 2004). Additionally, as cells proliferate, the light 
harvesting complexes per cell decrease (Richmond, 2004). Photosystems are multi-subunit 
pigment-protein complexes located in thylakoid membranes, which requires strict correlation 
between pigment synthesis in chloroplast and protein supercomplex build-up encoded in the 
nucleus (Falkowski and LaRoche, 1991; Richmond, 2004).  
Besides light intensity, the effects of light quality on adaptation and function of the 
photosynthetic apparatus have also been investigated. Since excitation of PS II requires mostly 
red light and PS I requires red and far-red light, different light quality ratios such as red:far-red 
and blue:red may result in modified pigment composition and PS II/PS I ratios (Rüdiger and 
Lόpez-Figueroa, 1992; Lόpez-Figueroa and Niell, 1990; Wilheim et al., 1985). Changes in the 
PS II/PS I ratio are detected within hours (Senge and Senger, 1990). The chlorophyll a/b ratio, 
usually used to characterize sun and shade terrestrial plants, is normally higher in blue light 
acclimated plant cells than cells grown in red light (Senger and Bauer, 1987). However, when 
comparing PS I and PS II reaction centers under blue and red light, respectively, there is no 
uniform trend among fern, barley, and pea to determine the light quality that preferentially 
activates one photosystem or the other (Senger and Bauer, 1987; Leong and Anderson, 1983; 
Leong et al., 1985).  
Microalgae tend to optimize the efficiency rather than maximize the amount of light 
absorption (Henley and Ramus, 1989), and their growth and respiration are strictly correlated 
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with electron transport in the photosynthetic apparatus, which is more or less determined by the 
rate of effective photon harvest of the antenna in the photosystems. During the process of 
photoacclimation, this photon harvest rate is continuously adjusted to meet the optimized growth 
efficiency for a given species (Langdon, 1988; Falkowski and LaRoche, 1991). To increase the 
yield of biomass, inhibition of photorespiration, the process competing with photosynthetic 
carboxylation, is necessary and can be carried out by CO2 enrichment to reach a higher CO2/O2 
ratio than that in ambient air (Richmond, 2004). In aquaculture, CO2 enrichment is normally 
carried out by sparging CO2-enriched air into the culture suspension. 
 
1.4.1 Red/far-red light absorbing photoreceptor: phytochrome  
Photoregulation of microalgae is not limited to the photosynthetic apparatus. Many 
photoreceptors, pigments that absorb light and transduce light signals, are also actively involved 
in triggering various light responses that are independent of the photosynthetic apparatus (Dring, 
1988; Rüdiger and Lόpez-Figueroa, 1992). Among all types of photoreceptors, red/far-red light 
absorbing phytochrome is unusual due to its photoreversibility.  
Phytochrome is a 125 kDa blue protein pigment with a tetrapyrrole chromophoric group 
that can switch between two interconvertible forms, Pr and Pfr (Lipps, 1973; Björn, 1979; Dring, 
1988). Pr is the inactive blue-colored form of phytochrome with an absorption peak in the red 
region of the spectrum (650 – 680 nm). When Pr is exposed to red light, it is converted to the 
physiologically active blue-green form, Pfr, thus initiating a variety of biochemical responses. 
When irradiated with far-red light (710 – 740 nm), Pfr changes back to the inactive form Pr (Fig. 
1.4). However, since Pr and Pfr have overlapped absorption spectra, the phytochrome pool is 
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never exclusively Pr or Pfr. Instead, an equilibrium of 97% Pr and 3% Pfr occurs at a 
photostationary state after exposing Pfr to far-red light (Thomas et al., 1984; McDonald, 2003).  
 
            Fig. 1.4 Two interconvertible forms of phytochrome, Pr and Pfr. 
 
Based on the amount of light required to trigger the phytochrome effect, there are three 
types of phytochrome responses, very low-fluence responses (VLFR), low-fluence responses 
(LFR), and high-irradiance responses (HIR) (Casal et al., 1998). For VLFR, the sensitivity is so 
high that it only requires less than 0.02% of the total phytochrome to be in the Pfr form, which is 
triggered by less than 0.1 µmol m
-2
 fluence of red light. Due to the fact that subsequent far-red 
light can only convert 97-98% of Pfr to Pr, VLFR is not photoreversible. Most red/far-red 
photoreversible responses fall into the LFR category, which include the earliest phytochrome 
observations of lettuce seed germination and light-oriented chloroplast movement in green 
microalga Mougeotia (Borthwick et al., 1952; Haupt et al., 1969). For LFR, it is always the last 
light quality perceived that determines the final physiological result regardless of the number of 
prior exposures to alternating treatments of red and far-red lights. Therefore, phytochrome 
involved red and far-red light LFR effects are opposite and antagonistic (McDonald, 2003). HIR, 
another non-photoreversible response, requires continuous exposure to relatively high light 
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intensity (µmol m
-2
 s
-1
) rather than following the law of reciprocity applied to LFR, which 
reciprocally correlates fluence rate (µmol m
-2
 s
-1
) and time (s) (Taiz and Zeiger, 2010).  
Although mainly associated with higher plant function, phytochrome has been 
successfully purified from the green microalga Mesotaenium caldariorum and its levels were 
light regulated and growth stage sensitive (Kidd and Lagarias, 1990; Morand et al., 1993). In the 
green macrophyte Ulva rigida, a five minute red light pulse increased the level of intracellular 
nitrate, and a subsequent 5 min pulse of far-red light reversed the effect, resulting in a decreased 
nitrate net uptake and reduction (López-Figueroa and Rüdiger, 1991). Such red/far-red 
reversibility suggests there is phytochrome activity in both macro and microalgae. Thus far, 
however, microalgal phytochrome roles are species specific and far from being fully understood.  
Sometimes it is difficult to determine if the light-induced response in algae is triggered by 
the photosynthetic apparatus or a photoreceptor. For example, chlorophylls absorb a significant 
amount of red light to initiate photosynthesis: PS I is excited by both red and far-red lights while 
PS II is predominantly excited by red; the maximum absorption wavelengths of PS I and II are 
700 and 680 nm, respectively (Senger and Bauer, 1987). Significant PS II/PS I ratio changes also 
occur when different wavelengths of light are applied (Cunningham et al., 1990; Rüdiger and 
Lόpez-Figueroa, 1992). Consequently, photosynthesis should always be taken into account when 
analyzing phytochrome-related responses in algae, especially under continuous red and/or far-red 
light.  
 
1.5 Cultivation conditions for microalgae  
Many environmental conditions including temperature, light intensity and quality, carbon 
dioxide, and culture medium nutrients are important in the cultivation of algae. 
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1.5.1 Light 
Both light intensity and spectral quality affect the growth and metabolism of photosynthetic 
microalgae. Since photosynthesis begins with photon delivery and light harvest, and all 
subsequent physiological activities rely on the consumption of chemical energy (ATP) and 
reducing power (NADPH) generated in photosynthesis, algal growth and metabolism are 
basically dependent on the conversion efficiency of light to chemical energy (Richmond, 2004). 
Under long-lasting illumination, the survival of photosynthetic organisms is largely dependent on 
photoacclimation (short term) and photoadaptation (long term) of the photosynthetic apparatus to 
the light source, which further leads to alterations in growth and cell composition especially for 
proteins, carbohydrates and lipids (Rüdiger and López-Figueroa, 1992). In most laboratory 
studies, the light intensity provided by fluorescent tubes is too low to sustain exponential growth, 
whereas in nature daylight intensity is beyond saturation resulting in photoinhibition most of the 
time, thus again restricting biomass accumulation (Sorokin and Krauss, 1958). In contrast to 
terrestrial higher plants, aquatic microalgae can change their relative position by altering their 
location in a water column, and light distribution under water changes significantly with depth 
and shading, which makes the study of light effects on microalgae interesting and challenging.  
For Ettlia, both cell density and cell size changed with light intensity. When exposed to 
136 µmol m
-2
 s
-1
 cool-white light, cell density at least doubled compared to lower levels at 50 
and 94 µmol m
-2
 s
-1
. In contrast, cell size decreased significantly from 11 µm diameter at low 
light intensity of 54 µmol m
-2
 s
-1
 to 5.3 µm diameter at high light intensity of 136 µmol m
-2
 s
-1
 
(Loera-Quezada et al., 2011). When Ettlia was grown in a 5 L batch reactor exposed to an 
intensity level between 70 and 270 µmol m
-2
 s
-1
, maximum dry biomass of 0.62 g L
-1
 was 
achieved at 175 µmol m
-2
 s
-1
 (Wahal and Viamajala, 2010). Light, however, is always interacting 
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with other environmental factors such as temperature, nutrient level, gas exchange, and CO2. 
When cultured at 70 – 200 µmol m-2 s-1, temperature at 10 – 35 ˚C changed growth and lipid 
productivity of Ettlia more than light intensity (Yang et al., 2013). In another instance, when 
exposed to low light at 91 µmol m
-2
 s
-1
, Ettlia grew slowly, but with greater biomass yield per 
nitrate consumed (YX/N) at 13.57 g cells per g nitrate compared to cells exposed to high light at 
273 µmol m
-2
 s
-1
 with YX/N at 11.5 g/g (Wahal and Viamajala, 2010). When another yellow-
green microalga, Trachydiscus minutus, was studied at temperatures of 15 – 40 ˚C and light 
intensities between 132 and 264 µmol m
-2
 s
-1
, algae adapted well to 20 – 32 ˚C, beyond which 
light either enhanced or decreased the temperature stress responses depending on the chosen 
light intensity (Gigova et al., 2012). Generally, microalgae tolerate greater light intensity around 
their optimum growth temperatures (Borowitzka, 1998; Carvalho et al., 2011). 
Compared to light intensity, the impact of light quality (spectral distribution) on 
microalgae is of equal importance but usually less studied for several reasons. The spectral 
power distribution is often not provided in detail by the light source supplier. Furthermore, it is 
very difficult to manually control the light composition as it requires a durable and highly 
efficient light source with a very narrow spectral output. Light-emitting diodes (LED) with 
documented spectral output are ideal light sources for such light quality studies, but they are 
expensive compared to ordinary fluorescent tubes.  
 During photosynthesis, blue (450 – 500 nm) and red (650 – 680 nm) lights are most 
effectively absorbed by the abundant photosynthetic pigments, chlorophylls a and b. However, 
there are many other accessory pigments that absorb a specific wavelength range, and transduce 
light signals to the PS I and PS II reaction center chlorophylls (Rüdiger and López-Figueroa, 
1992). There are also other non-photosynthetic photoreceptors that perceive and transduce light 
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signals. Compared to higher plants, structures and functions of photoreceptors in microalgae are 
more diverse as these “optical devices” play an exceptionally important role in the development 
of these unicellular organisms (Hegemann, 2008). Thus, light quality can determine the 
biophysical and physiological properties of microalgae. For example, blue light promotes the 
greening process of Chlorella; chlorophyll synthesis and chloroplast formation are stimulated by 
blue light (Dring, 1988). Blue light also serves as a positive switch signal for nitrate and nitrite 
uptake by Monoraphidium braunii (Aparicio and Quiñones, 1991). Red and far-red lights also 
affect growth, cell size, and photosynthesis of microalgae. For example, compared to the full 
spectrum control, LED-produced red light reduced cell volume of C. vulgaris but did not change 
the total biomass yield (Lee and Palsson, 1996). When a daylight fluorescent lamp was 
supplemented with far-red light, Dunaliella bardawil displayed much larger cell volume than the 
daylight control, but cell population and chlorophyll concentration decreased (Sánchez-Saavedra 
et al., 1996). Continuous red light enhanced growth and ethylene production in C. pyrenoidosa, 
whereas long-term far-red light inhibited both (Kreslavsky et al., 1997).  
Changes in light intensity and quality can also alter the fatty acid profile in TAGs, which 
may affect biofuel quality. For example, when Parietochloris incisa was grown at 400 µmol m
-2
 
s
-1, more arachidonic acid (C20:4) was produced than in cells grown at intensities ≤ 200 µmol m-
2
 s
-1
 (Solovchenko et al., 2008). For Ettlia, Sudan III lipid-stained cells increased from 44-73% to 
75-100% when the light intensity increased from ≤ 94 to 136 µmol m-2 s-1 (Loera-Quezada et al., 
2011). Regarding light quality, studies on D. bardawil suggested that adding far-red (Linestra 
Tungsram lamps) to cool-white light decreased the growth and chlorophyll concentration, but 
largely increased the cell size and stimulated the carotenoid content per cell compared to the 
cool-white control (Sánchez-Saavedra et al., 1996).  
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1.5.2 Carbon Dioxide 
Carbon dioxide serves as carbon supply for the carbon reactions in photosynthesis and is 
ultimately converted to algal biomass through carboxylation and reduction. Carbon reactions 
start from carboxylation of ribulose-1,5-bisphosphate and eventually mainly yield carbohydrates. 
Though the carbon reactions are independent of light, ATP and NADPH generated during the 
light reactions of photosynthesis are largely consumed here. Chloroplast stromal pH and Mg
2+
 
concentration are increased under illumination during the light reactions, and these changes also 
activate several major enzymes in carbon fixation reactions like ribulose-1,5-bisphosphate 
carboxylase-oxygenase (rubisco; Portis and Heldt, 1976). Thus, light intensity, quality, and CO2 
concentration are tightly correlated in photosynthesis for plant growth including algae. For 
example, when 10% (v/v) CO2 was provided to three oleaginous algal species, the demand for 
light increased correspondingly (Yoo et al., 2010).  
Increasing CO2 concentration in the air stream promotes growth and may lead to higher 
biomass concentration. For example, when 5% CO2 in air (v/v) was provided to Ettlia, 
exponential growth occurred earlier than cells only fed with ambient air; doubling time also 
decreased from 2.2 to 1.4 days with CO2 enrichment (Gouveia et al., 2009). B. braunii responded 
similarly when grown with 2% CO2 in air (Rao et al., 2007).  
Lipid production and fatty acid profile can also be altered with CO2 enrichment. As 
example, the cellular lipid content of Ettlia increased from 20% to 50% (w/w) with 5% CO2 
(Gouveia et al., 2009). When CO2 concentration was increased from 0.04% to 1% and then 2%, 
the relative percentage of stearic (C18:0) and linoleic acids (C18:2) both decreased gradually in 
B. braunii strain LB-572 (Rao et al., 2007). Meanwhile oleic acid (C18:1) showed an 
approximately 3-fold increase (Rao et al., 2007). In another instance, Tsuzuki et al. (1990) found 
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less desaturation of fatty acids when C. vulgaris was cultured under 2% CO2 relative to 0.04% 
CO2 in ambient air; this change was mainly attributed to one less desaturation step yielding more 
C18:2 vs. C18:3. Carbon dioxide is thus not just limited to photosynthetic carbohydrate 
production, but also affects downstream production of fatty acids.  
Compared to the majority of higher terrestrial plants, some microalgal species are capable 
of tolerating significantly higher CO2 concentrations for photosynthesis, indicating a more robust 
CO2-to-biomass conversion (Keffer and Kleinheinz, 2002; Yoo et al., 2010). With this high 
tolerance to elevated CO2 levels, it becomes possible to perform large-scale microalgae farming 
with simultaneous CO2 mitigation, thereby also reducing greenhouse gas emissions (Li et al., 
2008). For example, when C. vulgaris was grown in a photobioreactor with an inlet airstream 
containing > 5-fold concentrated CO2 than ambient air, the algae consumed up to 74% of the 
CO2 with no build-up of carbonic acid in the culture medium (Keffer and Kleinheinz, 2002). In 
another instance, Chlorella sp. was maintained in an outdoor photobioreactor supplied with flue 
gases generated by natural gas combustion (Doucha et al., 2005). Although CO2 reached 6-8% 
(v/v) in the inlet flue gas, 10-50% of it was successfully removed and the accompanying NOx 
and CO gases were not detrimental to Chlorella growth (Doucha et al., 2005). There is great 
potential of producing many value-added products in a microalgal factory including biodiesel 
precursors, and the combination of CO2 mitigation and biofuel production is a win-win strategy.        
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Fig. 1.5 Light response curve in photosynthesis correlating light intensity and carbon dioxide 
assimilation (arbitrary scales).  
 
Carbon dioxide fixation and light intensity are tightly linked and although there are 
species differences, principles are the same. When analyzing photosynthesis as a function of 
light intensity at a given CO2 concentration, as shown in Fig. 1.5, there is a light compensation 
point at which the amount of CO2 assimilated during photosynthesis equals the CO2 evolved 
from respiration. CO2 is at equilibrium between the rates of photosynthesis and respiration 
(Smith et al., 1976). Above the light compensation point, increasing light intensity directly 
increases photosynthesis, indicating that photosynthesis is limited by the available light and the 
provided CO2 is in excess. Further increases in light intensity eventually lead to a plateau of 
photosynthetic activities, which means photosynthesis becomes CO2-limited under light 
saturation (Smith, 1936). Thus, photosynthetic properties are well defined by light response 
curves that illustrate the interaction between light and CO2.  
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1.5.3 Temperature 
In algal culture, the importance of temperature control cannot be overemphasized since most 
enzymatic reactions and physiological activities are highly dependent on temperature. 
Temperature, therefore, exerts a strong influence on growth and the biochemical composition of 
microalgae.  
Surprisingly, microalgae are usually capable of sustaining a wider temperature range than 
expected. Six Antarctica microalgae were able to grow at least up to 15 °C and some even 
sustained growth at 30 °C, a significant temperature gap from their normal conditions of -1.8 – 
5 °C (Teoh et al., 2004). Although the species was originally isolated from the surface of sand 
dunes in the Rub al Khali desert in Saudi Arabia, Ettlia survived at 5 °C by entering dormancy 
(Yang et al., 2013; Chantanachat and Bold, 1962). At low temperatures, the affinity for nutrient 
substrates is apparently weakened, which is attributed to the decreased efficiency of transport 
proteins embedded in the membrane with less fluidity, resulting in limited algal growth (Nedwell, 
1999). Specifically, decreased nitrate uptake may result in the slowdown of protein synthesis 
(Bhosale, 2004). On the other hand, Raven and Geider (1988) suggested that when essential 
nutrients are limited, the influence of temperature on microalgal growth is less.  
Responses to temperature are often species specific in terms of biomass accumulation and 
lipid production. Studies on four tropical microalgae indicated that Isochrysis sp. and the 
commercial Tahitian species, Isochrysis sp. (T.ISO), showed very poor growth at 35 °C, while 
Nitzschia closterium barely grew at temperatures outside 20 – 30 °C. Interestingly, N. paleacea 
tolerated low temperature by limiting cell growth at 10 °C but accumulated more lipids per cell 
compared to higher temperatures (Renaud et al., 1995). For I. galbana TK1, Zhu et al. (1997) 
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found that growth doubled as temperature increased from 15 to 30 °C, while lipid content was 
greater at 15 °C.  
To maintain the effectiveness of light harvest and electron transfer under sub-optimal 
temperatures, microalgae usually enhance their production of photosynthetic enzymes. For 
example, ribulose-1,5-bisphosphate carboxylase activity in Phaeodactylum tricornutum Bohlin 
peaked at 10 ˚C, thus boosting the first committed step in carbon fixation at relatively low 
temperatures (Li William and Morris, 1982). However, when temperature was well above the 
optimal condition for growth, synthesis of secondary carotenoids occurred seemingly as a 
protective mechanism to cope with the oxidative stress induced by high temperature (Richmond, 
2004). Carotenoids, induced by formation of active oxygen radicals, can serve as antioxidants in 
microalgae (Liu and Lee, 2000). For example, total secondary carotenoids were significantly 
higher in Chlorococcum sp. at 35 ˚C compared to 20 – 30 ˚C (Liu and Lee, 2000). In addition, 
with changes in temperature, other physiological effects may occur such as alteration of algal 
size. To avoid unnecessary carbon and nitrogen consumption, algae tend to minimize their cell 
size at an optimum temperature (Goldman and Mann, 1980; Richmond, 2004; Sivakumar et al., 
2012).    
For algal membrane lipids, the degree of unsaturation normally corresponds well with 
temperature. When temperature is below the optimal condition for growth, increase in 
unsaturated lipids ensures stability and fluidity of cellular membranes; in particular this protects 
the photosynthetic reaction center especially photosystem II from photoinhibition (Hochachka 
and Somero, 1984; Nishida and Murata, 1996; Inoue et al., 2001; Richmond, 2004). Since one 
key function of TAGs is to support membrane assembly by providing fatty acid building blocks, 
synchronization of the degree of fatty acid unsaturation is expected between TAGs and 
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membrane lipids (Hu et al., 2008). For example, for Chlorella strain MFD-1, when temperature 
dropped from 35 to 15 °C, the ω3 polyunsaturated fatty acids including C18:3 increased from 
19.35 to 27.55% of total lipids (James et al., 1989). Tropical algal strains N. paleacea, Isochrysis 
sp. (PS11), and Isochrysis sp. (T.ISO) had a significantly greater relative percentage of saturated 
fatty acids at 25 – 30 °C than at 10 – 20 °C. This positive correlation with temperature extended 
to saturated fatty acids ranging from C14:0 to C22:0 (Renaud et al., 1995). On the other hand, 
there was a significant inverse relationship between temperature and the relative percentage of 
polyunsaturated fatty acids including C16:2, C16:3, C18:2, and C18:3 (Renaud et al., 1995). The 
increase in fatty acid degree of unsaturation was driven by the enhanced action of acyl-lipid 
desaturases and glycerol-3-phosphate acyltransferase (Nishida and Murata, 1996). Furthermore, 
besides increasing the fatty acid degree of unsaturation, reducing the length of the fatty acid 
chain also contributes to maintaining membrane fluidity at low temperatures (Hochachka and 
Somero, 1984).  
 
1.5.4 Culture medium  
Inorganic media used in algal cultivation usually include salts, major ionic components, a 
nitrogen source, some chelating agent such as ethylenediaminetetraacetic acid (EDTA), and trace 
elements (Richmond, 2004). The medium pH is normally maintained by the phosphate and the 
carbonate-bicarbonate buffering systems. With continuous consumption of CO2 for 
photosynthesis, an imbalance of the                   
     system may result 
in a pH increase, and the weak acidic medium used at inoculation may become neutral or weakly 
basic as algal cultures mature.  
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Among all inorganic nutrients, concentration of the nitrogen source is particularly 
important. Ettlia is normally grown in Bold’s Basal medium (BBM), which has a very low 
nitrate level (3 mM). When Tornabene et al. (1983) tripled the nitrate concentration (BBM 3N), 
Ettlia displayed an extended (2-3 weeks) exponential growth phase when provided with 1% CO2 
(v/v) in air. Similarly, Li et al. (2008) reported that Ettlia reached higher biomass concentration 
when grown on 5 mM nitrate compared to 5 mM urea or ammonium, and that nitrate at 10 mM 
was optimum for Ettlia. Besides the actual nitrate and phosphate concentrations, the nitrogen to 
phosphorous elemental ratio (N:P) also needs to be considered during medium preparation. For 
example, Ahlgren (1985) showed that the cyanobacterium, Oscillatoria agardhii, adapted well to 
a wide range of N:P ratios when the growth rate was low at µ < 0.3 day
-1
, while at higher growth 
rates of 0.3-0.6 day
-1
, a more fixed N:P ratio, about 12, favored growth. When a series of N:P 
ratios between 5 and 80 was tested, cell populations were constant for Scenedesmus species. On 
the other hand, when the ratio was greater than 30, cell size increased with increasing N:P ratio 
(Rhee, 1978). According to a hypothetical specific growth rate (µ) vs. optimal N:P ratio curve, 
either N or P usually limits growth, but not both (Fig. 1.6) (Rhee, 1978; Richmond, 2004).  
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Fig. 1.6 Specific growth rate for a hypothetical alga for varied N:P ratio with a μmax = 1 day
-1
, a 
kqN = 5 mg L
-1
 and a kqP = 0.5 mg L
-1
. (kqN and kqP are the minimum cell quota for the limiting 
nitrogen source and phosphorous source, respectively. This figure is redrawn from Richmond, 
2004) 
 
Nitrate uptake and reduction are strictly regulated by light intensity and quality, nitrate 
concentration and temperature (Tischner and Lorenzen, 1979; Ullrich et al., 1998; Yang et al., 
2013). Phosphate, on the other hand, tends to condense into polyphosphate serving as a 
phosphorus reservoir to support growth especially during the exponential phase (Rhee, 1973). At 
low nitrate levels, nitrate consumption can be fast and its depletion serves as a signal for 
enhanced lipid accumulation in certain oleaginous species like Ettlia (Tornabene et al., 1983). 
During phosphate limitation, polyphosphate can be mobilized for the synthesis of DNA, RNA 
and other elemental building blocks involved in energy, e.g. ATP and NADPH, thus indirectly 
regulating cell growth (Rhee, 1973).  
               
1.6 Wastewater as an alternative nutrient medium  
Since microalgae grow well in nitrogen and phosphorus rich media, they may contribute to 
nutrient removal in many waterways including those from municipal wastewater treatment 
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facilities and from agricultural runoff. By growing microalgae in such media, besides effective 
removal of organic carbon plus inorganic N and P, algal growth can be potentially stimulated by 
the co-existing bacteria that recycle and regenerate many nutrients and produce vitamins (Cole, 
1982). Use of waste materials, therefore, suggests an economic way to sustain large-scale algal 
cultures, which can subsequently serve as fertilizer, animal feed, or biofuel feedstock upon 
harvest (Pittman et al., 2011; Sivakumar et al., 2012).  
Effluents from anaerobically digested local agricultural wastes have been used in many 
different microalgal cultures and their useful byproduct lipids have been analyzed. For example, 
the filamentous green alga, Rhizoclonium hierglyphicum, accumulated 0.6-1.5% lipids per cell 
(%w/w) and the fatty acid profile was remarkably consistent among different loading rates, types 
of manure, and enriched carbon dioxide concentrations added to the system (Mulbry et al., 2008). 
For Chlorella cultured in inorganic medium supplemented with digested dairy manure, the fatty 
acid content was dependent on the manure loading rate; palmitic acid (C16:0) and linoleic acid 
(C18:2) were the two dominant fatty acids detected (Wang et al., 2010). Ettlia was also 
successfully grown on digested agricultural wastes with cell lipid contents ranging from 0.5 to 10% 
(w/w); oleic acid (C18:1) was the dominant fatty acid (Yang et al., 2011; Levine et al., 2011). 
There are, however, still many challenges in growing algae on wastewater. Different 
from chemically defined medium used in lab studies, wastewater is usually rich in nitrogen 
sources, mostly ammonia, and a high concentration of ammonia is toxic to algae (Konig et al., 
1987). Also, the nutrient content of waste streams is not consistent, which makes it difficult to 
achieve reliable and repeatable algal growth. In addition, pathogenic bacteria or zooplankton can 
inhibit algal growth (Pittman et al., 2011). Based on the scale and nutrients in a particular 
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wastewater source, the inoculum concentration of microalgae is also a deciding factor for 
running a wastewater-based culture (Lau et al., 1995).   
 
1.7 Objectives and organizations of thesis 
The aim of this study was to better understand how different environmental parameters 
(temperature, carbon dioxide supplementation, light intensity and spectral quality) affect the 
growth, lipid yield and quality of the oleaginous species Ettlia oleoabundans, thus evaluating its 
potential as a biodiesel feedstock. Furthermore, the feasibility of growing Ettlia on three 
individual and mixed agricultural anaerobic waste effluents was also tested.  
Chapter 2 describes an already published study on the impacts of temperature and light 
intensity on Ettlia growth and lipid production (Yang et al., 2013). It showed that at high 
temperatures like 35 ˚C, lipid accumulation occurred before nitrate depletion with oleic acid 
dominating; this was different from cultures maintained at moderate conditions at 15-25 ˚C 
under cool-white light. Ettlia was also shown to endure low temperatures at 10 ˚C and entered 
dormant stage at 5 ˚C. Light intensity played a key role under this sub-optimal condition.  
Chapter 3 presents results of a study on the effect of light quality, especially red and far-
red lights, on biomass and lipid production in Ettlia. When using LEDs as a supplement to the 
cool-white fluorescent light, red stimulated lipid yield and enhanced the quality of lipid products. 
Only a 30 min exposure to red light was required to induce the enhanced effects. Far-red light, 
however, decreased lipid yield in Ettlia. This chapter will be merged with Chapter 4 for 
submission for publication. 
Chapter 4 is a short study that combined the best light and temperature conditions with 
carbon dioxide enriched air to determine how biomass and lipid yields were affected in Ettlia. 
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Exponential growth rate and yield of FAMEs increased significantly when CO2 concentration 
increased from 0.04 to 0.4% (v/v) in the gas stream. In addition, the carbon conversion efficiency 
at 71.9% indicated robust and effective air delivery in the gas sparged mini photobioreactor. This 
chapter will be merged with Chapter 3 for submission for publication. 
In Chapter 5, the feasibility of growth and lipid production by Ettlia fed with effluents 
from anaerobically digested agricultural wastes generated in the Arkansas Delta was investigated. 
These ammonia and urea rich effluents individually sustained Ettlia growth, but with limited 
lipids. Mixed effluents, however, yielded improved lipid production, and the fatty acid profile 
was similar to that generated in chemically defined inorganic medium. This chapter was already 
published (Yang et al., 2011).  
Chapter 6 provides overall conclusions and suggestions for future work. 
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Chapter 2: At high Temperature Lipid Production in Ettlia oleoabundans 
Occurs before Nitrate Depletion 
 
Published as: 
Yang Y, Mininberg B, Tarbet A, Weathers P (2013) At high temperature lipid production in 
Ettlia oleoabundans occurs before nitrate depletion. Applied Microbiology and Biotechnology 
97: 2263-2273.  
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Abstract  
Temperature and light intensity effects on biomass and lipid production were investigated in 
Ettlia oleoabundans to better understand some fundamental properties of this potentially useful, 
but poorly studied microalgal species. E. oleoabundans entered dormant state at 5 °C, showed 
growth at 10 °C, and when exposed to light at 70 µmol photons m
-2
 s
-1
 at 10 °C, cells reached a 
biomass concentration of  > 2.0 g L
-1
 with fatty acid methyl esters (FAMEs) of 11.5 mg L
-1
. 
Highest biomass productivity was at 15 and 25 °C regardless of light intensity, and accumulation 
of intracellular lipids was stimulated by nitrate depletion under these conditions. Although 
growth was inhibited at 35 °C, at 130 µmol photons m
-2
 s
-1
 lipid content reached 10.37 mg L
-1
 
with fatty acid content more favorable to biodiesel dominating; this occurred without nitrate 
depletion. In a two-phase temperature shift experiment at two nitrate levels, cells were shifted 
after 21 days at 15 °C to 35 °C for 8 days. Although after the shift growth continued, lipid 
productivity per cell was less than that in the 35 °C cultures, again without nitrate depletion. This 
study showed that E. oleoabundans grows well at low temperature and light intensity, and high 
temperature can be a useful trigger for lipid accumulation independent of nitrate depletion. This 
will prove useful for improving our knowledge about lipid production in this and other 
oleaginous algae for modifying yield and quality of algal lipids being considered for biodiesel 
production. 
 
  
35 
 
2.1 Introduction 
Light and temperature are two important factors affecting algal growth and lipid production. 
Most algal lab studies focus on mid-level temperatures (20-30 °C) and, compared to sunlight, 
relatively low light intensity. However, two questions we posed were: (1) What is the 
temperature range that can sustain algal growth? (2) Is it feasible to grow algae as a feedstock in 
more northern latitudes where both temperature and light can be limiting? Here, while keeping 
CO2 constant, we explored the effect of variations in light intensity and temperature on Ettlia 
oleoabundans, a poorly studied microalgal species of interest because of its ability to produce 
high amounts of lipids (Tornabene et al., 1983). 
Responses to light and temperature are often species specific. For example, Nitzschia 
paleacea grew at 10 °C while N. closterium barely grew outside the 20-30 °C range, yet the 
former produced the same amount of lipid (about 20%) at 10 °C as the latter at 20 °C (Renaud et 
al., 1995). In another instance, two Isochrysis sp. (PSII and T.ISO) both showed good growth 
rates at 15 °C, but at about half that of their 25 °C optimum, but lipid yield was optimum at 
20 °C (Renaud et al., 1995). In contrast, I. galbana TK1 doubled its growth as the temperature 
increased from 15 to 30°C, yet lipid content was slightly higher at 15 °C (Zhu et al., 1997).  
Recently Gigova et al. (2012) showed that when grown at 15 °C, Trachydiscus minutus produced 
its maximum amount of lipid (35%, w/w). 
Microalgae adjust their photosystem machinery in response to light intensity. When light 
was the sole variable, Sukenik et al. (1990) showed that a one-step decrease from 700 to 70 µmol 
photons m
-2
 s
-1
 triggered rapid assembly of more light harvesting complexes (LHCs) in 
Dunaliella terliolecta. Reversing the light intensity shift from low to high resulted in a decrease 
in LHCs and chlorophyll in the marine diatom Thalassiosira weisflogii (Falkowski and LaRoche, 
1991; Post et al., 1985). Similarly, when compared to more moderate (200 µmol photons m
-2
 s
-1
) 
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and low (35 µmol photons m
-2
 s
-1
) light intensities, maximum growth was obtained at 400 µmol 
photons m
-2
 s
-1
 for Parietochloris incise (Solovchenko et al., 2008).  
      Light and temperature also seem to work interactively (Halldal and French, 1958; Raven 
and Geider, 1988). For example, early studies on different Chlorella species indicated that the 
cut-off point for high light intensity inhibition was a function of the genetic makeup of each 
species and the culture temperature applied (Sorokin and Krauss, 1958). Using a range of 
temperatures and light intensities, a recent study with T. minutus showed good adaptation to 20-
32 °C with only moderate changes in biomass and intracellular composition (Gigova et al., 2012).   
      The species used in this study is E. oleoabundans, a fresh water unicellular green 
microalga (Chantanachat and Bold, 1962). The potential of E. oleoabundans as a biodiesel 
feedstock is becoming important because, like many microalgal species, upon nitrate limitation it 
can accumulate up to 40-50% of its dry weight as total lipids, 80% of which are neutral 
triacylglycerides (TAGs) in lipid bodies (Gouveia and Oliveira, 2009; Li et al., 2008; Pruvost et 
al., 2009; Tornabene et al., 1983). The main fatty acid in TAGs produced by E. oleoabundans is 
oleic acid (C18:1), a desirable biodiesel precursor (Gouveia et al., 2009; Yang et al., 2011; 
Knothe, 2008). In a comparison with five other species, Gouveia and Oliveira (2009) suggested 
that E. oleoabundans is a reasonable fresh water microalga choice in terms of quantity and 
quality of its raw lipids. Wahal and Viamajala (2010) reported that when light intensity was 
tripled, E. oleoabundans doubled its biomass. Similarly, cell density of E. oleoabundans showed 
a 3-fold increase while cell size decreased by about half when light intensity increased by as 
much as 1.7 fold (Loera-Quezada et al., 2011). However, studies remain limited on how the 
biomass concentration and lipid production patterns of E. oleoabundans respond to the 
interactions between different light and temperature regimes. Here, while keeping CO2 constant, 
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we describe growth and lipid production of E. oleoabundans under different light intensities and 
temperatures. 
 
2.2 Materials and methods 
2.2.1 Algal strain and culture maintenance    
Ettlia oleoabundans  (UTEX #1185, previously named Neochloris oleoabundans, Chantanachat 
and Bold, 1962; Deason et al., 1991) cultures were maintained in modified Bold’s Basal medium 
(BBM, pH 6.4; Nichols and Bold, 1965) and sub-cultured every two weeks. During sub-culture, 
5 ml of a 2-week old dark green culture was inoculated to 25 ml of fresh BBM into 125 ml shake 
flasks, and then grown at 100 rpm under continuous cool-white fluorescent lights (GE F15T8-
CW) at 60 µmol photons m
-2
 s
-1
 at 25 °C. At the conclusion of each experiment, cultures were 
verified as axenic. Algal biomass concentration was calculated from optical density (OD) at 540 
nm using an established standard curve: 1.0 OD540 = 0.765 g dry weight L
-1
 (Yang et al., 2011).    
 
2.2.2 Culture conditions for the basic light and temperature experiments   
At the beginning of each experiment, E. oleoabundans was inoculated from one-week cultures of 
routinely sub-cultured stocks into fresh BBM to a starting OD540 of 0.1. Final culture volume 
was 40 mL to ensure adequate mixing in 125 mL shake flasks at 100 rpm in a temperature-
controlled incubator with a fluorescent bulb (GE F15T8-KB) installed along one edge of the 
shaker platform to provide continuous light to the algae. A light meter LI-250A (LI-COR Inc.) 
was used with a quantum sensor to measure the photosynthetically active radiation (PAR, µmol 
photons m
-2
 s
-1
). Separate experiments were done at five temperatures, 5, 10, 15, 25 and 35 °C, 
38 
 
each with three light intensities, 70, 130 and 200 µmol photons m
-2
 s
-1
. Carbon dioxide was 
constant at ambient levels for all experiments. 
 
2.2.3 Temperature-shift experiment   
The triple-nitrate (3N BBM) medium was prepared by increasing the original nitrate 
concentration in the standard BBM medium to 3-fold while keeping all other nutrients 
unchanged. For easier reference, standard BBM was referred as 1N BBM in this specific 
experiment. The same algal inoculation procedure was followed as previously described. Twelve 
125 mL shake flasks containing 40 mL of E. oleoabundans at OD540 of 0.1were prepared: six in 
1N BBM and six in 3N BBM. All cultures were placed on the shaker at 100 rpm exposed to a 
continuous light (GE F15T8-KB) at 130 µmol photons m
-2
 s
-1
 and the initial incubation 
temperature was 15 °C for 3 weeks after which it was increased to 35 °C. Five days after the 
temperature shift, half of the 1N and 3N BBM cultures (3 flasks each) were harvested. Three 
days later (total of 8 days after temperature shift), the remaining cultures were harvested.  
 
2.2.4 Biomass, lipid and medium nutrient analyses   
Cultures were sampled every few days to measure biomass, neutral lipids and nutrients except 
for the temperature-shift experiment in which cultures were only analyzed upon harvest to avoid 
unnecessary volume loss. Biomass concentration was measured as described by Yang et al. 
(2011). Neutral lipids were determined using a 96-well plate Nile red assay for neutral lipids at 
485 nm excitation, 590 nm emission (Cooksey et al., 1987; Lee et al., 1998; Chen et al., 2009) as 
detailed in Yang et al. (2011). Cultures were harvested when Nile red fluorescence readings 
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stabilized in the experiments. An aliquot of the supernatant of the collected suspension sample 
was measured spectrophotometrically for nitrate (Kim et al., 2003) and phosphate (Towler et al., 
2007). Final pH of the medium was also measured. 
 
2.2.5 Lipid extraction and GCMS analysis    
Following the method of Lee et al. (1998), lipids were extracted from algal cultures. Cells were 
harvested by centrifugation, resuspended in a 0.5 M, pH 7.4 sodium phosphate buffer, and 
structurally disrupted for 1 min with a Bead Beater (Biospec Products, Model HBB908) using 1 
mm diameter glass beads. The algal slurry was extracted twice using chloroform:methanol (2:1 
v/v) mixture and the lower organic phases collected from both steps were combined and washed 
with 5% (w/v) sodium chloride solution. The final organic phase was dried under nitrogen, and 
the dry organic residue was resuspended in 1 ml hexane and stored at 4 °C in a sealed amber vial 
for gas chromatography/mass spectrometry (GCMS) analysis. This hexane phase contained the 
nonpolar TAGs, which were transesterified to their corresponding fatty acid methyl esters 
(FAMEs) using BF3-methanol (14% w/w) solution at 100 °C for 1 h, and then analyzed by 
GCMS as specified in Yang et al. (2011). Tridecanoic acid (C13:0) was used as the internal 
standard added to the extractives before the methylation process.       
 
2.2.6 Calculations of growth and lipid productivity kinetics   
Growth kinetics were measured by calculating biomass productivity, specific growth rate and 
biomass doubling time during a specified time frame using the respective equations, 1-3, shown 
below: 
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P is the productivity (g L
-1 
d
-1
) over the entire culture period, µ is the specific growth rate (d
-1
). 
X1 and X2 correspond to the biomass concentration at time points, t1 and t2, respectively. During 
exponential growth, algal cells are growing at their maximum specific growth rate, µmax, for 
which the time frame between t1 and t2 defines this growth phase and τd is the biomass doubling 
time (day). Similarly, the overall FAME productivity PFAME can also be calculated using 
equation (1) by replacing biomass concentration with the yield of FAMEs (mg L
-1
). Growth 
efficiency is also measured by comparing final biomass concentration to the total nitrogen (or 
nitrate) consumed, which is usually the single limiting factor (equation 4):  
                                                                
Efficiency (N) = dry biomass accumulated (mg L
-1
)/nitrogen consumed (mg L
-1
), Efficiency 
(NO3
-
) = 0.226 × Efficiency (N) 
       
2.2.7 Statistical analyses    
In the basic light and temperature experiments, each condition had four replicates and all 
experiments were repeated. The temperature-shift experiment was performed in triplicate as 
already described. Data from the replicates were averaged and the comparisons between means 
were statistically analyzed using one-way ANOVA (SPSS statistics 17.0, Chicago, IL, USA).  
The test of significance was performed at the 95% confidence level.  
 Eq (1) 
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2.3 Results 
2.3.1 Growth of E. oleoabundans at different temperatures and light intensities   
Biomass concentration, 2.2 g L
-1
, of E. oleoabundans was highest at 10 °C and 70 µmol photons 
m
-2
 s
-1
 (Fig. 2.1), and was nearly twice that of cultures grown at 15 or 25 °C regardless of the 
light intensity. As temperature was increased to 15 or 25 °C, different light intensities no longer 
affected growth (Fig. 2.1). At 35 °C, however, in less than 10 days growth was inhibited. At the 
highest light intensity, 200 µmol photons m
-2
 s
-1
, cultures grew slower than at the other two light 
intensities, but even the highest biomass concentration, reached at 70 µmol photons m
-2
 s
-1
 at day 
8, was only 0.2 g L
-1
. Cultures were also grown under the same three light intensities at 5 °C, but 
none of the 12 cultures grew; all bleached to white by day 6 (data not shown). However, when 
those same cultures were subsequently transferred from 5 to 25 °C, growth resumed and were 
vibrant green by day 12 (data not shown), suggesting that although cells entered dormancy at 
near-freezing conditions, they recovered at 25 °C.   
Although the highest end-of-culture biomass concentration of 2.2 g L
-1
 was obtained at 
10 °C and 70 µmol photons m
-2
 s
-1
, biomass productivity above 30 mg L
-1
 d
-1
 over the entire 
culture period was observed for all light intensities at 15 and 25 °C (Table 2.1). Based on the 
defined exponential growth phase, the greatest µmax ranging from 0.29 to 0.34 d
-1
 was detected at 
15 °C (Table 2.1), resulting in the shortest biomass doubling time of 2.06 day at 15 °C and 130 
µmol photons m
-2
 s
-1
 (Table S2.1); a plot of maximum specific growth rate µmax (d
-1
) vs. 
temperature is shown in Fig. S2.1. 
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Fig. 2.1 Growth of Ettlia under different temperatures and light intensities (♦ 70 µmol photons 
m
-2
 s
-1; ■ 130 µmol photons m-2 s-1; ▲ 200 µmol photons m-2 s-1). Error bars = ± SD, n = 4. 
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Table 2.1 Biomass productivity, maximum specific growth rate, and end-of-culture pH under 
different light and temperature conditions (1 SE in parenthesis for end-of-culture pH, n = 4) 
 Biomass productivity P ( mg L
-1
 d
-1
) 
 10 °C 15 °C 25 °C 35 °C 
70 µmol photons m
-2
 s
-1
 34.86 a, d 35.94 a, d  39.39 a, d 16.09 a, e 
130 µmol photons m
-2
 s
-1
 5.38 b, m 31.50 a, n  35.49 a, n 6.86 b, m 
200 µmol photons m
-2
 s
-1
 3.09 b, x 34.14 a, y 34.09 a, y 1.89 b, x 
     
 Maximum specific growth rate µmax (d
-1
)
 a
 
 10 °C 15 °C 25 °C 35 °C 
70 µmol photons m
-2
 s
-1
 0.16 a, d 0.32 a, e 0.19 a, d 0.19 a, d 
130 µmol photons m
-2
 s
-1
 0.11 a, m 0.34 a, n  0.20 a, p 0.17 a, p 
200 µmol photons m
-2
 s
-1
 0.11 a, x 0.29 a, y 0.19 a, z 0.10 b, x 
         
 End-of-culture pH 
 10 °C 15 °C 25 °C 35 °C 
70 µmol photons m
-2
 s
-1
 7.14 (0.01) 7.80 (0.11) 8.08 (0.26) 7.24 (0.02) 
130 µmol photons m
-2
 s
-1
 6.55 (0.38) 7.65 (0.02) 7.40 (0.10) 7.08 (0.07) 
200 µmol photons m
-2
 s
-1
 6.99 (0.20) 7.63 (0.05) 7.75 (0.21) 6.97 (0.02) 
 
a 
The maximum specific growth rate is calculated based on different time frames for each temperature: 1. Day 10-14 
for 10 °C ; 2. Day 3-7 for 15 °C; 3. Day 0-12 for 25 °C; 4. Day 0-4 for 35 °C. 
 
The letters describe statistical significance (p < 0.05). To compare three light intensities within each of the four 
temperatures, the group of “a, b, c” defines the significance of biomass productivity or maximum specific growth 
rate. To compare four temperatures within each of the three light intensities, the groups of “d, e, f” “m, n, p” and “x, 
y, z” define the significance of biomass productivity or maximum specific growth rate. 
 
 
 
44 
 
Table 2.2 Nitrogen consumption efficiency. 
 
Nitrogen consumption efficiency 
mg biomass accumulated/mg nitrogen
 
consumed 
 
70 µmol photons m
-2
 s
-1
 130 µmol photons m
-2
 s
-1
 200 µmol photons m
-2
 s
-1
 
10°C 53.72 (12.13)  20.33 (4.59)
a
  18.87 (4.26)
a 
15°C 30.82 (6.96) 26.88 (6.07) 28.56 (6.45) 
25°C 34.37 (7.76) 31.09 (7.02) 24.93 (5.63) 
35°C  19.84 (4.48)
a
   25.38 (5.73)
a
  22.45 (5.07)
a 
 
a
 It indicates that the nitrate has not been depleted in those conditions. 
Corresponding nitrate consumption efficiency is included in parenthesis. 
 
 
 
 
 
Fig. 2.2 Mean nitrate and phosphate concentration over the culture period under different 
temperatures and light intensities (♦ NO3
-
 at 70 µmol photons m
-2
 s
-1; ■ NO3
- 
at 130 photons 
µmol m
-2
 s
-1; ▲ NO3
- 
at 200 µmol photons m
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 s
-1; ◊ PO4
3-
 at 70 µmol photons m
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 s
-1; □ PO4
3-
 at 
130 µmol photons m
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-1; ∆ PO4
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 at 200 µmol photons m
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At 10 °C and 70 µmol photons m
-2
 s
-1
, nitrate depletion occurred by day 55 and growth 
ceased. In contrast, at 130 and 200 µmol photons m
-2
 s
-1
, less than 50% of the starting nitrate in 
BBM was consumed when cultures were harvested at day 38. There was no noticeable 
exponential growth phase and the biomass concentration was relatively stable during the last 20 
days under those two higher light intensities (Fig. 2.1 and 2.2). When we compared the 
efficiency of growth among the highest biomass producing cultures as shown in Fig. 2.1, the 
cultures grown at the lowest light intensity (70 µmol photons m
-2
 s
-1
) and temperature (10 °C ) 
were ≥ 1.5 times more efficient than any of the other high growth cultures (Table 2.2).  At 
temperatures > 10 °C, upon nitrate depletion growth clearly slowed and this occurred at all light 
conditions at day 27 for 15 °C and day 21 for 25 °C. At 35 °C less than 30% of nitrate in BBM 
was consumed and cultures displayed poor growth (Fig. 2.1 and 2.2). In the 10 °C cultures, it 
was clear that light intensity also played a critical role in the efficient use of nitrate for 
supporting growth. No significant consumption of phosphate was observed under any condition 
(Fig. 2.2). 
      The final medium pH was found to be 6.6-7.1, 7.6-7.8, 7.4-8.1 and 7.0-7.2 for 
temperatures at 10, 15, 25 and 35 °C, respectively, indicating a slight pH increase from the 
starting 6.4. There was no substantive change in pH in response to light intensity (Table 2.1). 
 
2.3.2 Lipid production under different temperatures and light intensities    
Using the Nile red assay to track neutral lipid production in the cultures, lipids usually increased 
only after nitrate depletion. The highest Nile red measurements were from cultures grown at 
10 °C and 70 µmol photons m
-2
 s
-1
 and at 15 °C and 200 µmol photons m
-2
 s
-1
 (Fig. 2.3). When 
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analyzed by GCMS, these two conditions also showed greatest volumetric yields of total FAMEs 
at 11.52 and 8.14 mg L
-1
, respectively (Table 2.3).    
When E. oleoabundans was grown at 35 °C and 130 µmol photons m
-2 
s
-1
, FAME yield 
based on GCMS analysis was about the same, 10.37 mg L
-1
, but was not detectable using the 
Nile red assay probably because biomass levels were so small (Table 2.3 and Fig. 2.3). At that 
high temperature, algal cultures grew poorly regardless of light intensity, yet they accumulated 
significantly more TAGs (P < 0.05) on a dry mass basis (1.35-7.90 %) compared to most other 
tested conditions (0.20-1.41%) (Table 2.3). In addition, FAME productivity over the entire 
culture period starting from day 0 was 0.30-1.30 mg L
-1
 d
-1
 at 35 °C compared to 0.07-0.25 mg 
L
-1
 d
-1
 at any of the other three temperatures. Interestingly, E. oleoabundans produced 
considerable TAGs at 35 °C far ahead of nitrate crisis (Figs. 2.1-3). At harvest on day 8, more 
than 60% of the nitrate in BBM remained and the final N:P ratio was 1.01. This was in contrast 
to cultures maintained under more favorable conditions at 15 and 25 °C where lipid 
accumulation occurred only after nitrate depletion.    
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Fig. 2.3 Nitrate depletion in culture media and Nile red fluorescence readings of Ettlia under 
different temperatures and light intensities (♦ Nile red at 70 µmol photons m-2 s-1; ■ Nile red at 
130 µmol photons m
-2
 s
-1; ▲ Nile red at 200 µmol photons m-2 s-1; ◊ NO3
-
 at 70 µmol photons m
-
2
 s
-1; □ NO3
-
 at 130 µmol photons m
-2
 s
-1;  ∆ NO3
-
 at 200 µmol photons m
-2
 s
-1
). Error bars for 
Nile red readings = ± SD, n = 4. 
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Table 2.3 Volumetric yield of total FAMEs detected by GCMS and the corresponding percent 
FAMEs per algal cell dry weight (%w/w) under all conditions (n = 4). 
Light Intensity Total FAMEs ( mg L
-1
) 
(µmol photons m
-2
 s
-1
) 10 °C 15 °C 25 °C 35 °C 
70 11.52 a, d 6.08 a, d  3.33 a, d 2.40 a, d 
130 2.87 a, m 4.68 a, m  2.10 a, m 10.37 a, n 
200 2.65 a, x 8.14 a, x 2.68 a, x 3.66 a, x 
     
 Algae concentration (g L
-1
) 
 10 °C 15 °C 25 °C 35 °C 
70 2.24 a, d 1.26 a, e 1.14 a, e 0.21 a, f 
130 0.29 b, m 1.12 a, n  1.03 a, n 0.13 b, m 
200 0.20 b, x 1.20 a, y 0.99 a, y 0.09 b, x 
 
 %w/w FAMEs/algae dry weight 
 10 °C 15 °C 25 °C 35 °C 
70 0.48 a, d 0.50 a, d 0.29 a, d 1.35 a, d 
130 1.41 a, m 0.42 a, m 0.20 a, m 7.90 b, n 
200 1.22 a, x 0.58 a, x 0.26 a, x 3.92 a, x 
 
The letters describe statistical significance (p < 0.05). To compare three light intensities within each of the four 
temperatures, the group of “a, b, c” defines the significance of total FAMEs, algae conc. or percent FAMEs per 
algae. To compare four temperatures within each of the three light intensities, the groups of “d, e, f” “m, n, p” and 
“x, y, z” define the significance of total FAMEs, algae conc. or percent FAMEs per algae. 
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2.3.3 Lipid composition under different temperatures and light intensities   
Results of GCMS analysis of FAMEs extracted from E. oleoabundans are shown in Fig. 2.4. 
Generally speaking, the major fatty acids produced by E. oleoabundans were palmitic (C16:0) 
and oleic acids (C18:1), and lipid yield and profile were mainly temperature dependent. At the 
two extremes of 10 and 35 °C, shorter chain saturated fatty acid yields, C12:0 and C14:0, were 
approximately the same as C16:0, while at 15 and 25 °C this was not observed. As temperature 
increased, the degree of unsaturation decreased, especially for the polyunsaturated fatty acids 
like C16:3 and C18:3. When grown at 35 °C, cultures of E. oleoabundans produced significantly 
more C18:1 (%w/w) than cultures grown at 10 or 25 °C (P < 0.05). In terms of the volumetric 
yield of C18:1 (mg L
-1
), cultures at 15 °C were the most robust producers (P < 0.05).  
The average biomass concentration, percent FAMEs per dry weight (%w/w), and the total 
yield of FAMEs (mg L
-1
) for all conditions are summarized in Fig. 2.5. For E. oleoabundans, 
biomass and lipid yields did not necessarily correlate with each other. 
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Fig. 2.4 The composition of FAMEs under different light and temperature conditions (n = 4).  
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Fig. 2.5 Combined view of biomass concentration (g L
-1
), percent FAMEs per dry weight (%w/w) 
and total yield of FAMEs (mg L
-1
) over the four temperatures (10, 15, 25 and 35 °C) and three 
light intensities (70, 130, and 200 µmol photons m
-2
 s
-1
) applied.  
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2.3.4 Temperature-shift experiment  
To determine if E. oleoabundans would accumulate more lipids at high biomass and high 
temperatures but without nitrate depletion, a two-phase culture was established. The aim was to 
achieve high biomass density in the first phase and then shift conditions to boost cellular lipids in 
the second stage. Although lipid production and growth were highest at the lowest temperature 
and light intensity (10 °C, 70 µmol photons m
-2
 s
-1
; Fig. 2.5), growth rate nearly doubled at 15 °C 
and 130 µmol photons m
-2
 s
-1
 (Fig. 2.1). Likewise, the highest lipid production was at 35 °C and 
130 µmol photons m
-2
 s
-1
, so the cultures in this part of our study were grown for 21 days at 
15 °C and 130 µmol photons m
-2
 s
-1
 and then shifted to 35 °C for 8 more days. Growth and lipids 
were also compared under two starting nitrate levels: 1N and 3N BBM.  
Cultures grown in 3N BBM harvested 5 days post temperature shift produced a biomass 
concentration of 0.45 g L
-1
, which was significantly lower (P < 0.05) than its 1N BBM 
counterpart at 0.60 g L
-1
. After another 3 days both 1N and 3N BBM cultures continued to grow 
reaching respective final biomass concentration of 0.63 and 0.70 g L
-1
 (Fig. 2.6). When 
compared to their respective 5th day biomass, the 3N BBM cultures at the 8th day increased by 
43%, a level equivalent to that in the 8th day 1N BBM cultures (Fig. 2.6A). Biomass 
productivity remained at about 20 mg L
-1
 d
-1
 for the 1N BBM cultures regardless of harvest time, 
while for the 3N BBM cultures post shift, it increased from 14.20 at day 5 to 19.33 mg L
-1
 d
-1 
at 
day 8, suggesting that the cultures may actually have begun a more robust growth phase as 
shown by the growth rate, µ, in Table 2.4. Although still less productive than the earlier 15 °C 
counterparts (about 1.1 g L
-1
), all the cultures undergoing a temperature shift improved 
productivity compared to E. oleoabundans maintained continuously at 35 °C at 130 µmol 
photons m
-2
 s
-1
 (Table 2.1). While nitrate was almost depleted in the 1N BBM cultures by day 8  
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Fig. 2.6 Algal cell dry weight (A) and nutrient concentration (B) in 1N and 3N BBM cultures at 
day 5 and 8 after the temperature shifted from 15 to 35 °C. Error bars stand for ±SD, n=3. (* 
indicates significant difference compared to the 3N BBM culture harvested at day 5, p < 0.05) 
 
post shift, in the 3N BBM cultures 59 and 47% of the original nitrate remained at 5 and 8 days 
post shift, respectively (Fig. 2.6B). The 3N BBM cultures also consumed more than the total 
nitrate available in the 1N BBM even at 5 days post shift. In contrast, no significant decrease in 
phosphate was observed (Fig. 2.6B). 
      The total FAMEs generated in the 1N BBM culture decreased from 1.79 to 1.38 mg L
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doubled from 1.08 to 2.27 mg L
-1
 (Table 2.4), supporting the earlier findings that E. 
oleoabundans can produce more lipids at high temperature even when nitrate is still abundant. 
Although total lipids obtained from the two-phase cultures were similar to those continuously 
growing at 35 °C, the FAMEs per cell mass were substantially less (Table 2.3).  Interestingly, the 
same eight FAMEs (C14:0, C16:0, C16:2, C16:3, C18:0, C18:1, C18:2 and C18:3) were detected 
regardless of the starting nitrate concentration in the medium or the harvest time (Table 2.5). 
 
Table 2.4 The biomass productivity and yield of total FAMEs in the two-phase culture of E. 
oleoabundans. Cultures were grown at 15 °C for 21 days and then shifted to 35 °C for the next 8 
days; cultures were harvested at 26 and 29 days, 5 and 8 days post temperature shift. Light 
intensity during the 29-day culture period was 130 µmol photons m
-2
 s
-1
 (1N and 3N refer to the 
standard and triple amount of nitrate in the starting BBM, SE in parenthesis). 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Biomass 
productivity P 
(mg L
-1
 d
-1
) 
Total FAMEs 
(mg L
-1
) 
Percent cellular 
FAMEs (%w/w) 
Day 5 1N  20.11 (1.74) 1.79 (0.24) 0.30 (0.02) 
Day 5 3N  14.20 (0.72) 1.08 (0.58) 0.23 (0.12) 
Day 8 1N  21.39 (0.63) 1.38 (0.04) 0.20 (0.00) 
Day 8 3N  19.33 (1.78) 2.27 (0.34) 0.35 (0.04) 
Comparative growth rates µ (d
-1
) at different times during experiment  
 
Day 0→29 Day 0→26 Day 26→29 
1N 0.076 0.079 0.050 
3N 0.073 0.068 0.119 
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Table 2.5 The composition of FAMEs in the two-phase E. oleoabundans cultures maintained in 
1N or 3N BBM harvested 5 or 8 days after the temperature shift (n = 3). 
Fatty acid methyl esters (FAMEs, mg L
-1
) 
 
C14:0 C16:0 C16:2 C16:3 C18:0 C18:1 C18:2 C18:3 Grand total 
Day 5 1N 0.01 0.22 0.19 0.33 0.07 0.16 0.27 0.53 1.79 
Day 5 3N 0.02 0.52 0.04 0.01 0.09 0.35 0.02 0.03 1.08 
Day 8 1N 0.01 0.31 0.03 0.02 0.09 0.46 0.35 0.11 1.38 
Day 8 3N 0.03 0.45 0.03 0.02 0.12 0.24 1.16 0.22 2.27 
 
 
2.4 Discussion 
There are several important new observations resulting from this study: nitrate depletion is not 
required for lipid production in E. oleoabundans; high temperature can trigger high lipid 
productivity; and E. oleoabundans appears capable of entering low temperature-induced 
dormancy.  
The yield and productivity of FAMEs at 35 °C showed that high temperature 
significantly stimulated lipid synthesis/accumulation in E. oleoabundans and this occurred 
independent of nitrate depletion. To our knowledge this is the first report showing high lipid 
production under nitrate replete conditions in this species. Most studies conducted between 20 
and 30 °C show that lipid production is mainly triggered by nitrogen depletion in E. 
oleoabundans (Gouveia et al., 2009; Li et al., 2008; Pruvost et al., 2009; Wahal and Viamajala, 
2010) and other algal species (Yamaberi et al., 1998; Richmond, 2004). Although Leora-
Quezada et al. (2011) grew E. oleoabundans at 33 °C and showed 37% more cellular lipids at 
136 µmol photons m
-2
 s
-1
 compared to 50 or 94 µmol photons m
-2
 s
-1
, a result similar to ours, 
residual nutrient levels in the cultures were not reported.  
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The rate of nitrate uptake is temperature dependent (Reay et al., 1999), and the specific 
affinity for nitrate declines as temperature decreases (Nedwell, 1999). This may explain the 
different rates of nitrogen consumption in the cultures incubated at different temperatures. Reay 
et al. (1999) also reported that compared with other temperatures tested, a transporter protein had 
its highest affinity for nitrate at 35 °C, suggesting a temperature sensitive role for this protein. 
When grown at 35 °C, however, biomass did not significantly increase for E. oleoabundans 
despite availability of nitrate, yet TAGs (%w/w) increased substantially, indicating some other 
mechanism was involved. Furthermore, in the temperature shift experiments, initial growth in the 
3N BBM was slow compared to that in the 1N BBM, but 5 days post temperature shift, the 
growth rate and lipid production in the 3N BBM nearly doubled. This suggested that acclimation 
to 35 °C was possible after some initial growth at 15 °C, and results of 8 days post temperature 
shift are consistent with improved nitrate transporter affinity. Both growth and lipid production 
began to increase from days 5-8 post temperature shift in 3N BBM and may well have achieved 
both higher biomass concentration and lipid yield than shown in this study. In contrast, in the 1N 
BBM growth and lipid production clearly slowed.  
Properties of a good biodiesel fuel include ignition quality, cold-flow properties and 
oxidative stability, and these depend on the composition of the raw FAMEs (Knothe, 2008). 
Along with methyl palmitoleate (methyl ester of C16:1), methyl oleate (methyl ester of C18:1) is 
identified as one of the more biodiesel desirable fatty acids (Knothe, 2008). Schenk et al. (2008) 
further defined the “ideal mix” biodiesel fatty acids as C16:1, C18:1 and C14:0 at a ratio of 5:4:1. 
In this study, along with the saturated fatty acids, C12:0, C14:0, C16:0 and C18:0, C18:1 (%w/w) 
was significantly increased at 35 °C, demonstrating that high temperature not only increased the 
57 
 
total quantity of cellular TAGs, but also improved the quality of raw biodiesel product from E. 
oleoabundans.  
Richmond (2004) suggested that temperature exerts more of an influence on the 
molecular composition within a specific lipid class than on the total lipid content within the cell. 
The dominance of C16:0 and C18:1 in E. oleoabundans is similar to that in higher plants with 
the highly unsaturated fatty acids C16:3 and C18:3 also present in algal membrane phospholipids 
(Richmond, 2004). Membrane fluidity is determined by several variables including chain length 
and number of double bonds. Shorter fatty acids are more fluid than longer ones and addition of 
double bonds lowers their melting temperature (Hochachka and Somero, 1984). Unfortunately, 
the production of polyunsaturated fatty acids in response to temperature varies from species to 
species, with no overall consistent relationship between temperature and fatty acid unsaturation 
(Renaud et al., 1995; Teoh et al., 2004). In this study, production of highly unsaturated fatty 
acids like C16:3 and C18:3 was negatively correlated with temperature, while yield of shorter 
chain fatty acids like C12:0 and C14:0 showed a U-shaped curve with temperature. These results 
further confirm the lack of a predictable relationship between temperature and fatty acid 
composition. 
One function of lipid body-encased neutral TAGs is to provide fatty acids for membrane 
assembly, so synchronization of fatty acid unsaturation levels between membrane lipids and 
TAGs is not surprising (Hu et al., 2008). Proportional increase in unsaturated lipids in algal 
membranes can protect photosynthetic reaction centers from damage by high light intensity at 
low temperatures (Geider, 1987; Nishida and Murata, 1996). Although raw fatty acid flux from 
chloroplasts is relatively temperature-stable, it is possible that the activity of acyl-lipid 
desaturases and glycerol-3-phosphate acyltransferases involved in fatty acid modification in the 
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endoplasmic reticulum is temperature dependent. For example, carotenoids can be produced for 
high temperature survival (Liu and Lee, 2000), and species like T. minutus also produced 
significantly higher cellular lipids at 40 °C compared to 15-32 °C when grown at 132 µmol 
photons m
-2 
s
-1
 light (Gigova et al., 2012). Although Sobczuk and Chisti (2010) described a 
strong correlation between lipid and biomass productivity in Choricystis minor, our study 
suggested that this was not the case for E. oleoabundans.  
In this study, light intensity had a lesser effect than temperature on both growth and lipid 
productivity. To avoid confounding the temperature and light intensity study, we ran all 
experiments at ambient CO2 levels. Fundamental photosynthesis informs us that, if nothing else 
is limiting, increasing CO2 levels would require increased light intensity to ultimately maximize 
CO2 fixation and biomass productivity (Richmond, 2004).  Indeed, the slight rise in pH in many 
of the cultures at harvest demonstrates that even at some of the light intensities used in this study, 
OH
−
 ions were likely accumulating, so future studies employing direct sparging of CO2-enriched 
air into the culture medium would lower and stabilize culture pH. This would also provide more 
carbon thereby improving biomass and probably also lipid productivity (Richmond, 2004).  
Compared to other studies of E. oleoabundans without CO2 enrichment, however, the overall 
biomass concentration achieved in our study was similar (Gouveia and Oliveira, 2009; Gouveia 
et al., 2009; Pruvost et al., 2009). To eventually maximize biomass concentration and lipid 
productivity, light intensity and quality, temperature, inorganic nutrients and CO2 all have to be 
optimized, but that was not the intent of this study. Others are focused on optimization. For 
example, Li et al. (2008) used continuous 5% CO2 supplementation at a flow rate of 0.5 vvm and 
obtained 3.2 g biomass L
-1
 for E. oleoabundans batch cultures grown at 30 °C in 5 days with 
about a 3-fold greater starting nitrate concentration than this study.  
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E. oleoabundans apparently entered dormancy at 5 °C, suggesting the species is tolerant 
of low temperatures. It is possible that at 5 °C, E. oleoabundans was no longer able to maintain 
either membrane fluidity or continuous active uptake of the rate-limiting nutrient, nitrate, across 
the membrane (Nedwell, 1999). With the subsequent temperature increase to 25 °C, cells 
returned to vegetative growth. Low temperature tolerance of E. oleoabundans at first seems 
surprising since this species was originally isolated from the surface of sand dunes in the Rub al 
Khali desert in Saudi Arabia (Chantanachat and Bold, 1962). However, while hot during the day, 
deserts are usually frigid at night because of the lack of water-containing biomass that retains the 
day’s solar heat, so organisms that have evolved in that environment must be capable of 
surviving extremes (Roth, 1965). Further, a study on six Antarctica microalgae, which normally 
grow between -1.8 and 5 °C, revealed that all grew at least up to 15 °C and some could even 
survive at 30 °C (Teoh et al., 2004). These two examples suggest that microalgae have 
physiological survival strategies in broader temperature ranges than usually considered.  
Overall, this study showed that compared to light intensity, temperature played the key 
role in lipid productivity and quality for E. oleoabundans. These results also indicated that at 
high temperature (35 °C), the usual requirement for nitrate depletion was circumvented in 
triggering lipid production. Although growth was reduced, cellular TAG content increased 
substantially with a composition enhanced in C18:1, a very desirable FAME for biodiesel. This 
species also endured and grew well at low temperatures, even producing substantial lipid. 
Together these results show E. oleoabundans can be grown within a broad temperature range and 
that high temperature, in particular, stimulates lipid production independent of nitrate crisis. 
Overall this study provided new insight into the physiological properties of this potentially useful 
algal species.  
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Chapter 3: Red and Far-red Lights Differentially Affect Growth, Lipid 
Production and Quality in the Oil-producing Microalga, Ettlia 
oleoabundans 
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Abstract  
The effect of light quality on biomass and lipid production was investigated in Ettlia 
oleoabundans. Preliminary work showed that compared to cool white (CW) light cultures under 
full spectrum light produced significantly more triacylglycerides. CW emits little red or far-red. 
Keeping the total light intensity constant at 95 µmol m
-2
 s
-1
, when a portion of the CW was 
replaced by red (R) or far-red (FR) at day 0 or 14, maximum biomass was 1.6-1.8 g L
-1
 under all 
conditions, but triacylglycerides increased 2.7-fold when R was added at day 14 with a CW:R 
ratio of 1:1. On the other hand, triacylglyceride yield decreased when the proportion of R was 
reduced, or by adding FR when R was already present. However, when FR was added alone, it 
promoted triacylglyceride production, but the effect seemed growth stage sensitive. Furthermore, 
while adding R decreased palmitic, oleic acid significantly increased. Longer exposure to R 
further enhanced oleic acid content per cell. Alternating short-term R and FR treatments were 
also conducted, but no photoreversibility in lipid production was observed. Interestingly, 30-
minute R exposure in addition to CW was sufficient to increase the lipid yield to the same level 
as > 14 days R treatment under R+CW. Together these results will be useful for improving our 
understanding of the role of light quality in regulating lipid yield and composition in E. 
oleoabundans and possibly other oleaginous algal species. 
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3.1 Introduction 
Light plays an important role affecting both growth and metabolite production in microalgae. 
Light provides not only the driving force for photosynthesis, but also for a wide range of light-
induced physiological responses. Both photon flux density (intensity or fluence) and spectral 
distribution (wavelength or quality) are crucial (Falkowski and LaRoche, 1991). In most studies, 
however, light intensity is the only factor taken into account, and quality is potentially 
underestimated or ignored, thus creating a biased understanding of the true light effect.  
Compared to studies in higher plants as well as the work on photosynthesis and growth in 
algae, other light quality effects on microalgae have, to our knowledge, been poorly studied. 
There are some reports that blue light stimulated the greening process and cell enlargement of 
Chlorella (Dring, 1988; Wilhelm et al., 1985), promoted nitrate and nitrite uptake in 
Monoraphidium braunii and Ulva rigida (Aparicio and Quiñones, 1991; López-Figueroa and 
Rüdiger, 1991), and induced spore formation and release in some green algae (Dring, 1988). 
Compared to red and green, blue light was also more effective in increasing the activities of 
chloroplast protein synthesis elongation factors in Euglena during chloroplast biogenesis; 
surprisingly, green light was also somewhat functional (Eberly et al., 1986).  
In other studies, the degree of stacking of chloroplast thylakoid membranes in Chlorella 
fusca was significantly greater in red than in blue light (Wilhelm et al., 1985). Continuous red 
light irradiation stimulated growth and ethylene production in Chlorella pyrenoidosa, while 
long-term far-red exposure inhibited both (Kreslavsky et al., 1997). Although far-red inhibited 
cell division of four marine species including Dunaliella tertiolecta, the decrease in division rate 
was effective only at 750 nm (Lipps, 1973). In another case, far-red light increased carotenoid 
content in D. bardawil (Sánchez-Saavedra et al., 1996). Relative to a white fluorescent daylight 
control, both maximum cell density and photosynthetic activity decreased, suggesting that far-
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red light was involved in regulating accessory pigments and secondary metabolites in microalgae 
(Sánchez-Saavedra et al., 1996). In another case, 5 min red light pulses increased the level of 
intracellular nitrate in Ulva rigida, while a subsequent 5 min pulse of far-red light reversed the 
effect, resulting in a net decrease in nitrate uptake and reduction (López-Figueroa and Rüdiger, 
1991). Such red/far-red reversibility suggested that phytochrome was actively involved in these 
processes. 
The algal species used in this study was Ettlia oleoabundans (hereinafter referred to as 
Ettlia) a fresh water unicellular green microalga capable of accumulating up to 40-50% of its dry 
weight as total lipids (Chantanachat and Bold, 1962). The major lipids it produces are lipid body-
enclosed neutral triacylglycerides (TAGs), suitable precursors for biodiesel production making 
Ettlia a promising biofuel feedstock (Gouveia and Oliveira, 2009; Li et al., 2008; Pruvost et al., 
2009; Tornabene et al., 1983). Independent of total lipid yield, the composition of long fatty acid 
chains in TAGs determines the quality of the raw fuel product. Oleic acid (C18:1) is one of the 
predominant fatty acids produced by Ettlia and a desirable biodiesel precursor (Knothe, 2008; 
Gouveia et al., 2009). Several studies have reported the effect of light intensity on growth of 
Ettlia. For example, increasing light intensity led to increased biomass, but decreased cell size 
(Wahal and Viamajala, 2010; Loera-Quezada et al., 2011). There are also interactive 
relationships between light intensity and temperature. For example, compared to Ettlia cultures 
that showed a biomass productivity above 30 mg L
-1
 day
-1
 over the entire culture period for 
intensity levels between 70 and 200 µmol m
-2
 s
-1
 at 15-25 ˚C, decreasing the cultivation 
temperature to 10 ˚C resulted in photoinhibition at levels between 70 and 130 µmol m-2 s-1 (Yang 
et al., 2013). To our knowledge, however, little is known about the effect of light quality on lipid 
production in Ettlia or other oleaginous microalgal species. In this study, while keeping light 
64 
 
intensity constant, we investigated how changes in light quality affected both growth and lipid 
production in Ettlia. 
 
3.2 Materials and methods 
3.2.1 Algal strain and culture maintenance  
The microalga, Ettlia oleoabundans (UTEX #1185, previously named Neochloris oleoabundans, 
Chantanachat and Bold, 1962; Deason et al., 1991), was maintained in shake flasks by 
subculturing every 2 weeks in modified Bold’s Basal medium (BBM, pH 6.4; Nichols and Bold, 
1965) as detailed in Yang et al. (2013). At each subculture, inoculum was verified as axenic on 
BBM agar plates.  
 
3.2.2 General culture conditions for the light quality experiments  
A preliminary light quality experiment was performed by using either cool white (CW, GE 
F15T8-CW) or full spectrum fluorescent bulbs (FS, GE F40T12-SR) as the only light source 
installed along the edge of a shaker platform. Algae were inoculated from a 1-week maintenance 
culture into fresh BBM in 125 mL shake flasks to yield an OD540 of 0.1 in a total volume of 40 
mL. Cultures were exposed to continuous and constant irradiation at 60 µmol m
-2
 s
-1
 and grown 
at 25 ˚C and 100 rpm. A light meter (LI-250A, LI-COR, Inc.) was used to measure fluence 
intensity (µmol photons m
-2
 s
-1
, henceforth µmol m
-2
 s
-1
). Based on the results of this preliminary 
experiment, further studies were carried out by keeping the total light intensity at 95 µmol m
-2
 s
-1
 
and replacing a portion of the CW light with red (R) and/or far-red (FR) light either at the 
beginning of culture or starting 14 days post inoculation of the experiment. R and FR lights were 
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provided by high-efficiency short-bandwidth PHILIPS GreenPower LED modules HF deep red 
and HF far red peaking at 660 and 730 nm, respectively. Table 3.1 summarizes the light quality 
conditions used in this study. The addition of R at 15, 30, and 45 µmol m
-2
 s
-1
 to the CW 
background approximately represented a CW:R ratio at 5:1, 2:1 and 1:1, respectively.  
 
Table 3.1 Light quality conditions used in this study with E. oleoabundans.  
Condition # Light quality and intensity Start 
1 CW control (95 µmol m
-2
 s
-1
) Day 0 
2 CW (50 µmol m
-2
 s
-1
) + R (45 µmol m
-2
 s
-1
)  Day 0 
3 CW (50 µmol m
-2
 s
-1
) + R (45 µmol m
-2
 s
-1
)  Day 14 
4 CW (93 µmol m
-2
 s
-1
) + FR (2 µmol m
-2
 s
-1
)  Day 0 
5 CW (93 µmol m
-2
 s
-1
) + FR (2 µmol m
-2
 s
-1
)  Day 14 
6 CW (50 µmol m
-2
 s
-1
) + R (43 µmol m
-2
 s
-1
) + FR (µmol m
-2
 s
-1
) Day 14 
7 CW (65 µmol m
-2
 s
-1
) + R (30 µmol m
-2
 s
-1
)  Day 14 
8 CW (80 µmol m
-2
 s
-1
) + R (15 µmol m
-2
 s
-1
)  Day 14 
 
Unless otherwise noted (conditions 2 and 4), all cultures began with 14 days of CW light.  
(CW: cool white; R: red; FR: far-red) 
 
3.2.3 Testing for red, far-red switch  
CW light at 95 µmol m
-2
 s
-1
 (condition #1 in Table 3.1) was provided to freshly inoculated Ettlia 
in BBM starting at OD540 of 0.1 as previously described. Twelve shake flask cultures were 
grown simultaneously for 14 days to generate adequate biomass. On day 14, all 12 cultures were 
pooled, equally re-allocated into the 12 flasks, and divided into 4 groups (n = 3 for each group) 
for a series of alternating R/FR light treatments as outlined in Fig. 3.1. The 1st group was 
exposed to a combination of CW at 50 µmol m
-2
 s
-1
 and R at 45 µmol m
-2
 s
-1
 for 30 minutes 
(total fluence = 95 µmol m
-2
 s
-1
), and then returned to CW  at 95 µmol m
-2
 s
-1
 for duration of the 
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experiment (14 more days). For the 2nd group, after the first 30-minute CW + R (50 + 45 µmol 
m
-2
 s
-1
) exposure, the light composition was shifted to a combination of CW at 93 µmol m
-2
 s
-1
 
and FR at 2 µmol m
-2
 s
-1
 for the next 30 minutes before returning to CW at 95 µmol m
-2
 s
-1 
for 
duration of the experiment. For group #3, another 30 minutes of CW + R exposure followed the 
30 min of CW + FR before returning to 95 µmol m
-2
 s
-1
 CW. In group #4, a second CW + FR 
exposure followed the second CW + R exposure after which all cultures were returned to 95 
µmol m
-2
 s
-1
 CW. Cultures were harvested when the Nile red readings indicated that total lipid 
production had maximally stabilized, when the curve leveled, which was day 28. Another set of 
cultures were grown the same way but harvested several days later at day 31. 
 
Group # 
1 
 2 
 3 
 4 
 
 
Fig. 3.1 Two-week old E. oleoabundans cultures were exposed to alternating treatments of red 
followed by far-red (FR) light (each for 30 minutes) to test the effects of switching between R 
and FR lights. The boxes R and FR represent their addition to the cool white (CW) background 
as follows: CW = 95 µmol m
-2
 s
-1
; R = 45 µmol m
-2
 s
-1 
R + CW at 50 µmol m
-2
 s
-1
; FR = 2 µmol 
m
-2
 s
-1
 FR + CW at 93 µmol m
-2
 s
-1
. Harvest was at 28 or 31 days.  
 
3.2.4 Biomass, lipid, and medium nutrient analyses  
Cultures were sampled every few days to measure biomass, neutral lipid, and remaining nutrients. 
Biomass concentration was measured spectrophotometrically and neutral lipids were measured 
CW R CW 
        CW R FR CW 
        CW  R FR R CW 
        CW  R FR R FR CW 
14 days 30 min 30 min 30 min 30 min  until harvest at 28 or 31 days 
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using the modified 96-well plate Nile red fluorescence assay as detailed in Yang et al. (2011). A 
spectrophotometric standard curve was established to correlate biomass concentration with 
optical density at 540 nm: 1.0 OD540 = 0.765 g dry weight (DW) L
-1
 (Yang et al., 2011). Based 
on biomass concentration, biomass productivity, specific growth rate and biomass doubling time 
during a specific time frame were calculated using equations 1-3: 
                                                           Eq (1) 
 
                                                           Eq (2) 
                                                           Eq (3) 
    
P is productivity (g L
-1 
d
-1
) over the entire culture period; µ is the specific growth rate (d
-1
); X1 
and X2 are biomass concentrations at time points, t1 and t2, respectively. During exponential 
growth, algal cells are growing at their maximum specific growth rate, µmax, for which the time 
frame between t1 and t2 defines this growth phase and τd is the biomass doubling time (day). 
Once the Nile red assay readings leveled for each culture, algae were harvested for lipid 
extraction. Spent culture medium was collected and assayed for nitrate (Kim et al., 2003), 
phosphate (Towler et al., 2007) and final pH. 
 
3.2.5 Lipid extraction and GCMS analysis  
Extraction details are provided in Yang et al. (2013). Briefly, lipids were twice extracted using 
chloroform/methanol (2:1 v/v) after cell disruption using a Bead-beater (Lee et al., 1998). The 
combined lower phases of the two extractions were washed with 5% (w/w) sodium chloride 
solution and the final lower organic phase was dried under nitrogen. The dry residue was 
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resuspended in hexane and stored in an amber vial at 4 ˚C for later gas chromatography-mass 
spectrometry (GCMS) analysis. The non-polar TAGs in the hexane solution were transesterified 
to fatty acid methyl esters (FAMEs) with BF3-methanol and analyzed by GCMS as detailed in 
Yang et al. (2011). Tridecanoic acid (C13:0) was used as the internal standard in all GCMS 
analyses. 
 
3.2.6 Statistical analyses  
All experiments were run in triplicate (n = 3). Data were averaged, and the comparisons between 
means were analyzed using one-way ANOVA with Duncan’s post hoc test (SPSS statistics 17.0, 
Chicago, IL, USA). The test of significance was carried out at the 95% confidence level. 
 
3.3 Results 
A preliminary study showed that when grown under full spectrum (FS) light, both biomass and 
lipids, especially oleic acid yields, doubled compared to Ettlia grown under CW light at the same 
intensity (Fig. S3.1, Table S3.1).  Because FS bulbs contain considerably higher proportions of R 
and FR wavelengths (see Fig. S3.2 for comparative spectral power distribution curves), 
additional experiments were carried out to determine how R and FR affected both growth and 
lipid yield and quality in this algal species.   
3.3.1 Growth of Ettlia under different light quality conditions  
To study the effect of intensity and timing of red (R) or far-red (FR) light on Ettlia growth, 
cultures were first exposed to a combination of CW and R lights at different intensity ratios. No 
significant difference in exponential growth was observed in the first 14 days regardless if R was 
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present in addition to the CW background, and the biomass productivity averaged 0.073 g L
-1
 
day
-1
 over the first 14 days (Fig. 3.2a). However, the highest biomass of 1.69 g L
-1
 was obtained 
from the CW control, and it was significantly greater than the CW+R at 80+15 µmol m
-2
 s
-1
 
counterpart. In addition, the CW control yielded the maximum biomass productivity over the 
entire culture period at 0.049 g L
-1
 day
-1
. When comparing growth curves between two 
treatments ending with CW+R at 50+45 µmol m
-2
 s
-1
, late addition of R at day 14 extended the 
exponential phase till day 23. In contrast Ettlia entered its stationary phase much earlier at day 
18 if this same light combination was applied from the beginning. For FR light, its intensity, 
timing and the possible interaction with R are shown in Fig. 3.2b. Interestingly, after adding both 
R and FR to the CW background at day 14 (Table 3.1 condition #6), an increase in biomass 
concentration was observed within the next 3 days with the shortest doubling time of 5.69 days 
detected; this result was not statistically different (P ≥ 0.05) among all 8 conditions listed in 
Table 3.1. Compared to the CW control, adding FR alone clearly shortened the exponential 
phase of Ettlia. Beyond day 29, the CW control biomass was significantly greater (P < 0.05) than 
the two cultures (Table 3.1, conditions 4 & 5) grown with FR regardless of when FR was added.   
Nutrient consumption kinetics are illustrated in Fig. 3.3. Under all conditions, more than 
90% of the nitrate in fresh BBM was consumed by day 14, and nitrate depletion occurred at day 
18 (Fig. 3.3a and 3.3c). Unlike nitrate, however, phosphate was never depleted from the medium; 
generally it fluctuated throughout the culture period (Fig. 3.3b and 3.3d). End-of-culture 
phosphate levels were not significantly different (P ≥ 0.05) from the starting concentration in 
fresh BBM except for cultures grown with both R and FR added to CW at day 14 (Fig. 3.3d). At 
harvest the pH of the culture increased from 6.4 at inoculation to 6.93 – 7.88. 
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Fig. 3.2 Mean biomass growth of E. oleoabundans under different light quality conditions (n = 
3). Arrow indicates the time (day 14) when red (R; a) and/or far-red (FR; b) is added to cool 
white (CW) if the light quality condition is labeled day 14. Day 0 indicates the continuous supply 
of the same light quality from beginning to harvest. Numbers in brackets stand for the light 
intensity (µmol m
-2
 s
-1
) corresponding to the specific light source used.  
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Fig. 3.3 Nitrate and phosphate concentration over the culture period under different light quality 
conditions (n = 3, error bars = ± SD). a. Change of nitrate concentration when red (R) was added 
to cool white (CW); b. Change of phosphate concentration when R was added to CW; c. Change 
of nitrate concentration when far-red (FR) was added to CW; d. Change of phosphate 
concentration when FR was added to CW. Arrow indicates the time (day 14) when R and/or FR 
is added if the light quality condition is labeled day 14. Day 0 indicates the continuous supply of 
the same light quality from beginning to harvest. Numbers in brackets stand for the light 
intensity (µmol m
-2
 s
-1
) corresponding to the specific light source used.  
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3.3.2 Lipid production under different light quality conditions  
Preliminary studies showed a 2.6 fold increase in lipids as measured by the Nile red assay for 
Ettlia grown under FS compared to CW (Fig. S3.1). The Nile red assays for lipids under all light 
quality conditions are shown in Fig. 3.4. Although all lipid levels increased after day 18 when 
nitrate was depleted, they did not increase in response to either the amount or the time of 
addition of R to CW (Fig. 3.4a). However, compared to adding it at day 14, adding FR to CW 
right at day 0 significantly decreased lipid levels compared to the CW control (Fig. 3.4b).   
 
 
Fig. 3.4 Mean Nile red fluorescence readings of E. oleoabundans under different light quality 
conditions when red (R; a) and/or far-red (FR; b) is added to cool white (CW) (n = 3). Numbers 
in brackets stand for the light intensity (µmol m
-2
 s
-1
) corresponding to the specific light source. 
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3.3.3 Lipid composition under different light quality conditions  
Preliminary studies also showed there was a 1.8-fold increase in total FAMEs when Ettlia was 
exposed to FS lights relative to the CW control. Among all types of FAMEs detected, the one 
derived from oleic acid (C18:1) was predominant in cultures under FS, representing 42% of the 
total FAMEs, 2.3 fold greater than detected in the CW control (Table S3.1).  
FAMEs were subsequently extracted and measured from Ettlia cultures grown under 
combinations of CW and R and/or FR. The greatest yield of FAMEs and percent FAMEs per cell 
were 11.72 mg L
-1
 and 0.95% (w/w), respectively, when Ettlia was exposed to CW+R at 50+45 
µmol m
-2
 s
-1
, a CW:R ratio of about 1:1 beginning at day 0 (Fig. 3.5a). Both values were 
significantly higher (P < 0.05) than those of the CW control. The lowest volumetric yield of 
FAMEs, 3.68 mg L
-1
, was in cultures exposed to CW+FR at 93+2 µmol photons m
-2
 s
-1
 over the 
entire culture period. Adding 2 µmol m
-2
 s
-1
 FR to the CW background starting from day 14 also 
increased the total yield of FAMEs compared to the CW control, but adding it later at day 14 
along with R decreased the FAME yield to 5.41 mg L
-1. Although not significant (P ≥ 0.05), 
volumetric FAME yield appeared to decline as the ratio of CW:R increased from 1:1 to 2:1, and 
then 5:1 (Fig. 3.5a). Adding 45 µmol m
-2
 s
-1
 R to 50 µmol m
-2
 s
-1
 CW significantly promoted 
FAME yield and cellular content compared to the CW control regardless of whether R was 
added at day 0 or 14. In contrast, adding 2 µmol m
-2
 s
-1
 FR at day 0 did not improve FAME yield, 
which was significantly less (P < 0.05) than if FR was added later at day 14 when cultures were 
still growing exponentially (Fig. 3.1). Figure 3.5b further shows the proportion of five major 
FAMEs (C16:0, C18:0, C18:1, C18:2 and C18:3) detected under all light quality conditions. If R 
and/or FR was added compared to the CW control, there was a clear shift between the two major 
fatty acids produced by Ettlia, palmitic (C16:0) and oleic (C18:1) acids. Generally there was a  
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Fig. 3.5 Yield of FAMEs by E. oleoabundans under all light quality conditions. a, volumetric 
yield and cellular content (%w/w) of FAMEs (n = 3, error bars = ± SE); b, mean percent of 
major FAMEs (C16:0, C18:0, C18:1, C18:2 and C18:3) produced (n = 3). Numbers in brackets 
correspond to the light intensity (µmol m
-2
 s
-1
) of the specific light source listed. D0: the light 
quality condition starts from Day 0. D14: the light quality condition starts from Day 14 after the 
cool white treatment at 95 µmol m
-2
 s
-1
 for the first 14 days.  
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decrease in C16:0 and an increase in C18:1 and C18:2 under all experimental conditions with R 
and/or FR supplementation. 
 
Table 3.2 Volumetric yield and percent cell content (%w/w) of oleic acid methyl ester under all 
light quality conditions (n = 3). 
  
Volumetric yield of 
C18:1 (mg L
-1
) 
Percent cell content of 
C18:1 (%w/w) 
Harvest 
(day) 
CW 1.34 a
 
0.084 x
 33 
CW+R (50+45, Day 14) 3.41 b, c
 
0.232 y
 38 
CW+R (65+30, Day 14) 2.18 a, b
 
0.159 x, y
 36 
CW+R (80+15, Day 14) 1.86 a
 
0.160 x, y
 33 
CW+R+FR (50+43+2, Day 14) 1.97 a, b
 
0.157 x, y
 38 
CW+R (50+45, Day 0) 4.58 c
 
0.370 z
 36 
CW+FR (93+2, Day 0) 1.67 a
 
0.142 x, y
 36 
CW+FR (93+2, Day 14) 2.78 a, b
 
0.212 y
 36 
  
Numbers in brackets correspond to the light intensity (µmol m
-2
 s
-1
) of the specific light source listed. D0, 
the light quality condition starts from day 0. D14, the light quality condition starts from day 14 after the 
cool white treatment at 95 µmol m
-2
 s
-1
 for the first 14 days. The letters describe statistical significance (P 
< 0.05): the group of “a, b, c” defines the significance of volumetric yield (mg L-1) of C18:1; the group of 
“x, y, z” defines the significance of percent cellular content (%w/w) of C18:1. 
 
Compared to the CW control, the volumetric yield and percent cellular content of oleic 
acid methyl ester showed that adding 45 µmol m
-2
 s
-1
 R to 50 µmol m
-2
 s
-1
 CW (approximately a 
CW:R 1:1 ratio) significantly increased both volumetric yield and cell percent of C18:1 
regardless of whether R was added at day 0 or 14 (Table 3.2). In contrast adding FR to CW+R 
decreased the positive effect of R addition (Table 3.2). On the other hand, adding FR to CW 
during exponential growth (day 14) doubled the volumetric yield and nearly tripled the cellular 
content of C18:1 compared to the CW control. Although the C18:1 yield was significantly higher 
(P < 0.05) under 1:1 CW:R (50+45 µmol m
-2
 s
-1
, day 14) than 5:1 CW:R (80+15 µmol m
-2
 s
-1
, 
day 14), the difference was not significant at the level of percent cell content. To study the time 
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effect, longer exposure to 45 µmol m
-2
 s
-1
 R increased the cellular content of C18:1 significantly 
(P < 0.05), while the impact on volumetric yield was not significant (P ≥ 0.05). However, 
regardless of when 2 µmol m
-2
 s
-1
 FR was added to CW, Ettlia cultures gave statistically the 
same (P ≥ 0.05) volumetric yield and cellular content of C18:1.  
 
3.3.4 R/FR switch experiment  
In higher plants R and FR act as a switching mechanism to regulate plant functions. To 
determine if a R-FR switch was controlling oil yield or quality, cultures were exposed to brief 
amounts of R and/or FR light as schematically shown in Fig. 3.1. All cultures were harvested on 
day 28 (Fig. 3.1). Between day 14 and 21, growth was similar (Fig. 3.6a) and the greatest 
specific growth rate (µmax) ranged between 0.053 and 0.075 day
-1
, though not significantly 
different among all four conditions (P ≥ 0.05). The maximum biomass yield was either on day 21 
or 25 at 1.70 and 1.85 g L
-1
, respectively.  Nile red readings began increasing after day 18 when 
nitrate depletion occurred, and by day 28 the readings leveled (Fig. 3.6b). There were no 
significant differences among all conditions for either biomass concentration or Nile red readings 
at all time points. At harvest, the final pH of the culture increased from 6.4 at inoculation to 7.4 – 
7.8. 
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Fig. 3.6 Growth (a), Nile red fluorescence readings (b), FAMEs volumetric yield (c), and percent 
FAMEs per cell (d) under light conditions with alternating treatment of red (R) and far-red (FR). 
Cultures were treated with alternating 30 minutes of R and FR on day 14 and harvested and 
extracted on day 28. Cool white (CW) control is included in c and d for comparison. The light 
quality condition starts from day 14 after the CW treatment at 95 µmol m
-2
 s
-1
 for the first 14 
days. R indicates a combination of 50 µmol m
-2
 s
-1
 CW and 45 µmol m
-2
 s
-1
 R. FR indicates a 
combination of 93 µmol m
-2
 s
-1
 CW and 2 µmol m
-2
 s
-1
 FR. R and FR treated cultures are 
switched back to the 95 µmol m
-2
 s
-1
 CW control condition till harvest. The groups of “k, l, m, n” 
and “x, y, z” define the statistical significance of volumetric yield of FAMEs and percent 
FAMEs per cell, respectively. 
 
When R was added for only 30 minutes during the exponential phase (day 14) the 
volumetric yield of FAMEs increased significantly from 4.20 to 12.97 mg L
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CW control (Fig. 3.6c). When followed by 30 minutes of FR (RFR), the boost in FAME yield 
was still significant (Fig. 3.6c). However, when R was added for a second time (RFRR), the 
FAME yield decreased to 6.89 mg L
-1
,
 
not statistically different from the CW control, but lower 
than the first two cultures with only one R treatment (R and RFR) (Fig. 3.6c). When FR was 
added again following the second R treatment (RFRRFR), no significant change in 
FAME yield was observed compared to the culture with two R and one FR exposure (Fig. 3.6c). 
In addition, the 30-minute R treatment at day 14 increased the volumetric yield of FAMEs to 
exceed that of the earlier experiments when Ettlia was exposed to CW+R at 50+45 µmol m
-2
 s
-1
 
at inoculation (11.72 mg L
-1
) or day 14 (exponential phase, 9.81 mg L
-1
). Regarding the percent 
FAMEs per cell (w/w), cultures exposed to only 30-min R, ± a subsequent single FR treatment, 
gave the maximum cellular content of FAMEs at 0.73-0.74% and were significantly greater (P < 
0.05) than the CW control (Fig. 3.6d). On the other hand, a second R treatment (RFRR) 
statistically reduced the % FAMEs per cell compared to either of the cultures receiving a single 
R exposure. Similarly, a second FR treatment did not further change the cellular content of 
FAMEs. Adding R for only 30 minutes at day 14 increased the %FAMEs per cell compared to 
the earlier cultures exposed to the same light quality condition from day 14 till harvest, and the 
cellular FAMEs content was not significantly different from the algae grown under CW+R at 
50+45 µmol m
-2
 s
-1
 for the entire cultivation period (0.95% FAMEs/cell, w/w). 
The composition of FAMEs, summarized in Fig. 3.7, indicates that compared to the CW 
control, there was a significant increase in the percentage of oleic acid methyl esters (C18:1) 
under all R/FR alternating treatment conditions except the last one, the RFRRFR cycle. 
However, the difference in % C18:1 was not significant among all four experimental conditions. 
With the increase in C18:1, the proportion of C16:0, the other major fatty acid produced in Ettlia, 
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decreased compared to the CW control. Additionally, no significant change in the percentage of 
C18:3 was observed across all conditions including the CW control.  
 
 
 
Fig. 3.7 Composition of FAMEs under light conditions with alternating successive exposure to 
30 min of red (R) and far-red (FR) added to the main source of cool white (CW) light. The light 
quality condition starts from day 14 after the CW treatment at 95 µmol m
-2
 s
-1
 for the first 14 
days. R indicates a combination of 50 µmol m
-2
 s
-1
 CW and 45 µmol m
-2
 s
-1
 R. FR indicates a 
combination of 93 µmol m
-2
 s
-1
 CW and 2 µmol m
-2
 s
-1
 FR. R and FR treated cultures are 
switched back to the 95 µmol m
-2
 s
-1
 CW control condition till harvest on day 28. 
 
When the RFR shift experiments were repeated, but instead harvested further into 
stationary phase on day 31 instead of day 28, similar FAME trends were observed among all four 
light quality conditions (Fig. S3.3). The single 30-minute exposure to R was again the most 
effective stimulus. For cells harvested at day 28 and 31, Table 3.3 summarizes the volumetric 
yield of C18:1 and C18:3, respectively, the most and least desirable FAME types. No significant 
difference in the yield of C18:1 was observed except for the RFR treatment sequence in which 
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C18:1 production declined about 50% from day 28 to day 31. No C18:3 was detected in cultures 
harvested on day 31 except those that underwent two rounds of R/FR alternating treatment 
(RFRRFR). This was a marked decline in C18:3 yields compared to those in cultures 
harvested on day 28 (Table 3.3). 
 
Table 3.3 Volumetric yield of oleic (C18:1) and linolenic (C18:3) acids in E. oleoabundans 
cultures treated with alternating 30-minute red and far-red lights on day 14 and harvested on 
either day 28 or 31 (n = 3).  
 
Volumetric yield (mg L
-1
) 
C18:1 C18:3 
Treatment conditions Day 28 Day 31  Day 28 Day 31 
R 5.62 
 
6.46  0.52 *
 
0.00  
R→FR 4.58 * 2.39 0.74 * 0.00  
R→FR→R 2.72  1.85  0.32 * 0.00  
R→FR→R→FR 3.38  4.15  0.37  0.61  
CW 1.34 (0.10) 0.11 (0.05) 
 
* Indicates significant difference (p < 0.05) in volumetric yield of the specific FAME between the algal 
cultures harvested at two different time points (day 28 or 31) under the same light quality treatments. 
 
3.4 Discussion 
This study revealed some interesting results about the effect of light quality on Ettlia. In CO2 
limited cultures, R light improved lipid yield and quality, and although initially longer exposure 
to a higher proportion of R appeared necessary to maximize lipid yields, 30 min was adequate 
when provided during exponential growth. Adding FR alone also slightly increased lipid 
production, but the effect was weaker than R exposure and seemed sensitive to the stage of 
growth at time of addition. No additive impact of R and FR occurred; introducing FR when R 
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was already available reduced the positive R effect. Finally, a reversible photoreaction between 
R and FR was not detected in Ettlia. 
The positive effect of R on microalgal growth has been reported in many other studies 
but, to our knowledge, not on lipid production. In this study, the overall light intensity was kept 
constant at 95 µmol m
-2
 s
-1 
and no significant difference in growth and nutrient consumption was 
seen regardless of whether R and/or FR was added to CW. The growth rate of the 
cyanobacterium Microcystis aeruginosa did not differ much when exposed to 150 µmol m
-2
 s
-1
 
white or R lights, and the green alga Chlorella vulgaris also showed no difference in growth 
between white and R light (Park et al., 2012). However, when light intensity was increased to 
2,000 µmol m
-2
 s
-1
, R LED light yielded maximum C. vulgaris growth and nutrient removal 
compared to other light sources including white LEDs at the same intensity (Yan et al., 2013). 
More R also led to greater C. vulgaris yield in a small R illuminated LED photobioreactor (Lee 
and Palsson, 1994). Thus, not surprisingly, algal growth was best when both light quality and 
intensity were optimized. Photon flux density, however, is not simply “more is better” as trapped 
surplus light can generate heat and fluorescence, which results in photoinhibition, especially at 
shorter wavelengths, e.g. purple and blue. Thus, an applied light intensity should be just enough 
to yield the maximum growth rate for a specified algal species (Matthijs et al., 1996).     
When FR was added to CW in this study, Ettlia growth was not inhibited. When D. 
bardawil was exposed to “daylight white” plus FR, cells grew faster, but with reduced maximum 
cell density, than cultures grown in “daylight white”. Adding FR also boosted the carotenoid 
accumulation in D. bardawil, especially near the end of the exponential phase (Sánchez-
Saavedra et al., 1996). Unfortunately, the proportion of white and FR in the total light intensity 
was not reported; neither were there adequate details provided about the type of bulbs used, so 
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direct comparisons cannot be made. Although FR does not fall within the preferred wavelength 
for photosynthesis, green algae like C. pyrenoidosa adapted to this extreme light condition by 
adjusting the absorption spectra and action spectra above 700 nm; this was achieved by 
converting chlorophyll a to a FR absorbing form (ÖQuist, 1969). In our study, the CW bulbs 
contained a sufficient amount of other wavelengths (Fig. S3.2B), e.g. blue to drive 
photosynthesis, so the biomass concentration of Ettlia was not negatively affected by the small 
proportion of FR.      
More obvious was the change in Ettlia FAME yield and composition in response to light 
quality alterations. Even at only 95 µmol m
-2
 s
-1
, more R led to significantly greater FAME 
production. In the red alga Porphyridium cruentum, R light enhanced photosystem II relative to 
photosystem I (Cunningham et al., 1990) and there was no significant difference in growth rate 
under R and blue light (You and Barnett, 2004). It is therefore likely that R light in our study 
increased not only biomass accumulation in Ettlia by increasing photosynthesis, but also 
enhanced conversion of the fixed carbon pool to TAGs, the end-product of lipid synthesis.  
FAME yield also increased with longer exposure to and a greater proportion of R in the 
light source. However, adding 2 µmol m
-2
 s
-1 
FR during exponential growth (day 14) rather than 
at inoculation (day 0) also increased the FAME yield relative to the CW control, suggesting a 
small amount of FR may also play a role in regulating FAME production, but that the algae are 
more sensitive to this light stimulus when they are rapidly growing. FR exposure can also 
enhance the accumulation of accessory pigments like carotenoids as reported in Dunaliella 
(Sánchez-Saavedra et al., 1996). 
Adaptation to an altered light quality can be slowed by nutrient limitation (Wynne and 
Rhee, 1986). In our study the N:P ratio of BBM was 1.7, which is considered N-limited 
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(Richmond, 2004); by day 14, less than 10% of the starting nitrate remained in the medium with 
no significant consumption of phosphate detected. Under the conditions of this study adaptation 
to a modified light quality regime on day 14 may have been problematic for Ettlia.  
The composition of raw FAMEs determines the quality of biodiesel fuel in terms of 
ignition quality, cold-flow properties, and oxidative stability (Knothe, 2008). In this study, when 
R or FR was added to CW, there was an increase in C18:1 with a concomitant decrease in C16:0, 
suggesting that R and/or FR may stimulate fatty acid synthesis in plastids. Both C18:2 and C18:3 
derive from C18:1 as a result of fatty acid desaturase activity, the expression or activity of which 
also may be increased in response to R and/or FR light. C18:3, on the other hand, may cause 
problems of oxidative instability of the fuel product, so its yield needs to be minimized (Levine 
et al., 2011).  
Phenotypic responses to light quality are often difficult to isolate and analyze since 
besides photosynthetic apparatus, photoreceptors, also respond. For example, it is possible that 
differential absorption by photosystems I and II (maximum absorption at 700 and 680 nm, 
respectively) in chloroplasts leads to certain antagonistic effects in higher plants and algae 
(López-Figueroa and Niell, 1990; Rüdiger and López-Figueroa, 1992). On the other hand, 
phytochrome, a major photoreceptor, is responsible for most R/FR reversible responses by 
switching between its two interconvertible forms, Pr and Pfr (Lipps, 1973; Björn, 1979; Dring, 
1988). Though photoreceptor-involved physiological responses are non-photosynthetic effects, 
photosynthesis still needs to be taken into account when studying these responses. This is 
especially the case for single cell microalgae since slight changes in photosynthesis can lead to 
significant metabolic shifts. In this study, there was no detectable R/FR switch in the production 
of FAMEs from Ettlia, suggesting that thus far, there is no direct evidence of phytochrome 
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involved photoreveresibility in lipid production. However, the decrease of FAMEs caused by 
adding FR when R was readily available might be explained by the reduced proportion of Pfr, the 
active form of phytochrome, in the total amount of phytochrome if there is certain phytochrome 
response in Ettlia. 
Interestingly, adding R at about a 1:1 ratio (CW50 + R45) to CW during exponential 
growth (day 14) for only 30 minutes was sufficient enough to enhance FAME yield to the same 
level as longer R exposure, delivered at either day 0 or day 14 till harvest. It also increased the 
C18:1 yield twice and four times that of the longer 1:1 R+CW (45+50) and CW (95) exposure, 
respectively, while reducing or eliminating C18:3 levels (Table 3.3). This is important when 
considering an effective process operation; it simplifies the R light treatment while also 
producing more and better quality product than in CW. Although adding FR following R did not 
decrease the final biomass concentration or the FAME yield, adding another round of R to CW 
after FR did, indicating no R/FR photoreversibility. Furthermore, longer incubations (e.g. day 31) 
after R treatment resulted in both higher yields of C18:1 and lower C18:3 than when cultures 
were harvested even a few days earlier (day 28). Thus, it is important to establish the kinetics of 
not only algal growth and total lipid production, but also of specific FAMEs.    
In conclusion, this study showed that for Ettlia, continuous exposure to R-enhanced CW 
light increased FAME yield and the preferred FAME, C18:1. FR light did not inhibit either 
growth or lipid production, and surprisingly, introducing a small amount of FR also increased 
FAME yield. Combining both R and FR did not generate any additive positive effect. Although 
photoreversibility in lipid production was not observed when alternating R and FR light, short-
term R exposure was sufficient to enhance FAME yield and quality similar to continuous 
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exposure. Overall, this study revealed that in microalgal lipid production, light quality plays 
some specific roles which are usually underestimated in most algal research. 
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Chapter 4: Carbon Dioxide Supplementation Predominates Compared to 
Temperature and Light Quality for Growth and Lipid Production in Ettlia 
oleoabundans  
  
87 
 
Abstract 
The microalga Ettlia oleoabundans culture was grown ± CO2 enriched air combined with red 
light or a temperature increase to determine the combined effects on growth and lipid production 
of this oleaginous species. A gas sparged mini photobioreactor was used and, exponential growth 
rate increased from 0.35 to 0.91 day
-1
 when CO2 concentration increased from 0.04 (ambient air) 
to 0.4% (v/v); doubling time declined to less than 24 h. Increased CO2 also enhanced the yield of 
fatty acid methyl esters (FAMEs) to 32-40 mg L
-1
 especially the oleic acid (C18:1) component. 
Compared to shake flask cultures, red light did not significantly increase FAME yield with CO2 
supplementation, and growth ceased immediately with a 25 → 35 ˚C temperature shift performed 
7 days after inoculation. In contrast to shake flask cultures where significant phosphate reduction 
was never observed, at harvest more than 75% of phosphate was consumed in cultures sparged 
with CO2 enriched air. Likewise, the carbon conversion efficiency (CCE) was greater for 0.04% 
CO2 sparged cultures than for those at 0.4% CO2 and estimated at about 71.9 and 7.2% CCE, 
respectively. Together, this study demonstrated the importance of efficient gas delivery balanced 
with CO2 concentration and light intensity for Ettlia cultures to enhance growth and FAMEs 
production and quality. 
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4.1 Introduction 
Light, temperature, water, nutrients, and CO2 are all essential to growth and metabolism of 
microalgae. Triacylglyceride (TAG) production is also affected. Previously we showed that at 
high temperature (35 ˚C), growth of Ettlia oleoabundans (hereafter referred to as Ettlia) was 
reduced whereas the cellular TAG content rose significantly with up to a 30-fold increase in 
oleic acid (C18:1) per cell compared to cultivation at 25 ˚C (Yang et al., 2013). In another study 
we also showed that addition of red light, even for only 30 min, significantly increased the total 
yield, cellular content, and fuel quality of TAGs compared to cool-white controls (Chapter 3). 
When red was added to cool-white light, total TAGs (measured as the corresponding fatty acid 
methyl esters (FAMEs)) and oleic acid content tripled. All those experiments, however, were 
conducted in shake flask cultures in ambient air without CO2 enrichment. While many studies 
focus on the role of CO2 in combination with light intensity and/or major nutrients like nitrate, in 
this study we used the red light and temperature shift conditions where TAG production was 
previously shown to increase, to specifically investigate the added effect of CO2 on both growth 
and lipid production in Ettlia cultures (Yang et al., 2013; Chapter 3).  
Ettlia is capable of accumulating total lipids up to 40-50% of its dry weight with 80% of 
them being neutral TAGs enclosed in lipid bodies (Gouveia and Oliveira, 2009; Li et al., 2008; 
Pruvost et al., 2009; Tornabene et al., 1983). Among all fatty acids present in TAGs, Ettlia 
predominantly produces oleic acid (C18:1), the most desirable biodiesel precursor in terms of 
liquid fuel properties (Gouveia et al., 2009; Knothe, 2008; Yang et al., 2011; Yang et al., 2013). 
Gouveia et al. (2009) showed that when a sufficient amount of nitrate was present, CO2 
enrichment (5% v/v) in the air stream increased growth rate substantially, but not necessarily the 
biomass yield at harvest. Also, adding CO2 slightly increased the cellular lipid content from 20% 
to approximately 30% at day 5 compared to the air control as detected by flow cytometry 
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coupled with Nile red staining. In contrast, when nitrate was depleted, the same level of CO2 
enrichment neither stimulated growth nor the rate of lipid buildup (Gouveia et al., 2009). In 
another instance, the lipid content of Ettlia reached 38% (w/w) gravimetrically when sodium 
nitrate was used as the nitrogen source with a 5% CO2 enriched air stream (Li et al., 2008). 
When exponentially growing Ettlia was inoculated into a nitrogen-limited medium with 1% CO2 
air streaming, 36% of the total FAMEs were derived from C18:1, followed by 15% from 
palmitic acid, C16:0 (Tornabene et al., 1983). Although CO2, nitrate and other factors clearly 
play a role in growth and lipid production in Ettlia, it is not clear how these culture conditions 
affect lipid production and quality.  
In this study, Ettlia was cultured in mini photobioreactors sparged with air (0.04% CO2) 
or with 0.4% (v/v) CO2 supplemented air, ± added red light or with a temperature shift from 25 
to 35°C, and growth as well as TAG productivity and quality were compared. Results were also 
compared with previous shake flask studies on Ettlia to show how CO2 enrichment altered 
growth rate and yield, plus TAG yield and quality of this oleaginous species. 
 
4.2 Materials and methods 
4.2.1 Algal strain and culture maintenance  
Ettlia oleoabundans (UTEX #1185, previously named Neochloris oleoabundans, Chantanachat 
and Bold, 1962; Deason et al., 1991) was maintained in shake flask culture in modified Bold’s 
Basel medium (BBM, pH 6.4; Nichols and Bold, 1965) and subcultured every 2 weeks. During 
subculture, 5 ml of the 2-week-old dark green culture was inoculated to 25 mL of fresh BBM and 
grown on a shaker under continuous cool-white fluorescent light (GE F15T8-CW) at 60 µmol m
-
2
 s
-1
 at 100 rpm. Ettlia cultures were checked routinely to verify they were axenic. For Ettlia 
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maintained under normal shake flask conditions, algal biomass was calculated from the optical 
density (OD) at 540 nm based on a previously established standard curve: 1.0 OD540 = 0.765 g 
dry weight per liter (Yang et al., 2011).      
 
   
 
 
Fig. 4.1 Set-up of the CO2-enriched air sparging experiments: a, schematic set-up of a single tube 
to grow Ettlia oleoabundans); b, layout of culture tubes in the temperature controlled incubator.  
In a, 1, 100 mL clear polycarbonate culture tube; 2, 66 mL culture medium level; 3, stopper; 4, 
gas input port; 5, sterile nylon membrane filter; 6, foil covered gas vent; 7, sampling tube; 8, 
tubing clamp. 
 
4.2.2 CO2-enriched culture conditions  
One week old exponentially growing Ettlia cultures were inoculated into a mini photobioreactor 
(herein referred to as bioreactor) consisting of 100 mL Nalgene
®
 polycarbonate tubes (32 × 165 
mm) filled with BBM to reach a final volume of 66 mL with starting OD540 of 0.1. Cultures were 
provided with a continuous stream of air (0.04% v/v CO2) or CO2-enriched air (0.4%) that was 
b a 
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humidified using a Perma Pure Nafion
®
 membrane (model: MH-110-24F). Humidified gas was 
subsequently filtered through a nylon membrane (0.45 µm pore size) before being delivered to 
the bottom of the cultivation tube (Fig. 4.1a). The flow rate was kept constant at 1.2 vvm (120% 
exchange of headspace gas per minute). Cultivation tubes were placed vertically in a centrifuge 
tube rack in front of the light source in a temperature controlled incubator (Fig. 4.1b).  
 
4.2.3 Light quality and temperature conditions  
Unless otherwise indicated, cultures were grown at 25 ˚C under continuous cool-white 
fluorescent light (GE F15T8-CW) at 95 µmol m
-2
 s
-1
. When red light was added at inoculation, a 
PHILIPS GreenPower LED module peaking at 660 nm was added at 45 µmol m
-2
 s
-1
 and cool-
white was reduced to 50 µmol m
-2
 s
-1
 to maintain a total light intensity at 95 µmol m
-2
 s
-1
. For the 
temperature shift experiment, cultures were grown at 25 ˚C for the first 7 days and then increased 
to 35 ˚C until harvest.    
 
4.2.4 Biomass analysis  
The biomass concentration of Ettlia was determined using Bug Lab
TM
, a hand-held noninvasive 
biomass sensor (Model BEH100). Measurement was based on the intensity and size of a 
monochromatic “glow ball” created by an infrared laser directed into the liquid culture. As 
biomass concentration increased, the glow ball reduced in size but with enhanced intensity (Bug 
Lab™ Operator’s Manual). Back-scattered light from within the glow ball linearly correlated 
with the biomass concentration of Ettlia (Fig. 4.2). Since there was a slight volume loss (usually 
less than 10%) during bioreactor operation, direct OD scanner readings were adjusted based on 
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the real time volume relative to the original starting volume of 66 mL to calculate algal biomass. 
Advantages of using this OD scanner included avoiding unnecessary working volume loss during 
intermittent sampling, decreased risk of contamination due to sampling, and direct measurement 
of dense cultures in the bioreactor without need of dilution.  
 
 
 
Fig. 4.2 Linear standard curve between actual dry biomass of Ettlia oleoabundans and the 
undiluted OD readings obtained using the Bug Lab™ scanner.  
 
Based on biomass concentration, biomass productivity, specific growth rate and biomass 
doubling time during a specific time frame were calculated using equations 1-3: 
                                                           Eq (1) 
 
                                                           Eq (2) 
                                                           Eq (3) 
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P is productivity (g L
-1 
d
-1
) over the entire culture period; µ is the specific growth rate (d
-1
); X1 
and X2 are biomass concentrations (g L
-1
) at time points, t1 and t2, respectively. During 
exponential growth, maximum specific growth rate µmax is reached, for which the time frame 
between t1 and t2 defines this growth phase and τd is the biomass doubling time (day). To 
compare productivity results, carbon conversion efficiency (CCE) was also calculated. Using the 
composition analysis by Goldman and Graham (1981), the average cell carbon composition of 
Ettlia was assumed to be similar to that of Chlorella vulgaris, 0.46 g/g, and calculated CCE 
using equation 4:  
              
                                
                              
      
                     
(       )        
   
    (       )      
  
                   ( ) 
X0 and Xmax are starting and maximum biomass concentrations (g L
-1
), and t0 and tmax are 
correspondingly day 0 and the day when maximum biomass concentration was reached, 
respectively. V is the culture volume (L). MC is the molecular weight of carbon at 12 g mol
-1
. P 
is the atmospheric gas pressure (Pa), r is the gas flow rate (m
3
 day
-1
), CO2% is the proportion of 
CO2 by volume in the air stream. R is the gas constant at 8.3145 m
3
 Pa mol
-1
 K
-1
, and T is the 
culture temperature in Kelvin (K).                                                                                                                
 
4.2.5 Lipid and medium nutrient analyses  
When OD readings began a downward trend (post stationary phase) and cells gradually changed 
from dark green to yellow-green, cultures were harvested. An aliquot of Ettlia suspension was 
used for neutral lipid measurement using the modified 96-well plate Nile red fluorescence assay, 
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as detailed in Yang et al. (2011). Aliquots of the initial and end-of-culture media were collected 
and assayed for nitrate (Kim et al., 2003), phosphate (Towler et al., 2007) and final pH. 
 
4.2.6 Lipid extraction and GCMS analysis  
Extraction details are described in Yang et al. (2013). Briefly, lipids were twice extracted using 
chloroform/methanol (2:1 v/v) after one minute cell disruption with 1.0 mm glass beads in a 
Bead-beater (Lee et al., 1998). The combined lower phases from both extractions were washed 
with 5% (w/w) sodium chloride solution and the final lower organic phase was dried under 
nitrogen. The dry residue was resuspended in 1 mL hexane and stored in an amber vial at 4˚C for 
later gas chromatography-mass spectrometry (GCMS) analysis. The non-polar TAGs in the 
hexane solution were transesterified to fatty acid methyl esters (FAMEs) with BF3-methanol (14% 
w/w) at 100 ˚C for 60 min and analyzed by GCMS as detailed in Yang et al. (2011). Tridecanoic 
acid (C13:0) was added to each sample before the methylation process as the internal standard in 
all GCMS analyses. 
 
4.2.7 Statistical analyses  
All experiments were at least thrice replicated. Results were averaged and mean comparisons 
were performed using one-way ANOVA with Duncan’s post hoc test (SPSS statistics 17.0, 
Chicago, IL, USA). The test of significance was carried out at the 95% confidence level (p < 
0.05). 
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4.3 Results 
4.3.1 Ettlia growth at different CO2 levels  
Increasing the CO2 level from 0.04% to 0.4% doubled biomass productivity and nearly tripled 
the exponential growth rate (Table 4.1). Although when provided either 0.04% or 0.4% CO2 at 
25˚C the maximum biomass yield of Ettlia reached 3.5 g L-1, yields were not significantly 
different from those in cultures provided 0.4% CO2 with added red light (Fig. 4.3). Red light 
addition also had no effect on growth rate at either CO2 level, but at 0.4% CO2 biomass 
productivity was suppressed (Table 4.1). In cultures that were shifted on day 7 from 25 to 35˚C, 
growth decreased and the biomass yield and productivity were significantly less than algae 
cultivated at 25˚C with 0.04% CO2. At 35˚C cultures gradually bleached to light yellow. The 
final biomass yield of these cultures was 1.2 g L
-1
, about half of its 25˚C counterparts grown with 
0.04% CO2.  
 
Table 4.1 Biomass productivity, maximum specific growth rate, doubling time, end-of-culture 
pH and phosphate concentration under different culture conditions (± 1 SD in parenthesis) 
Condition Air 
0.4% CO2-
enriched air Air + red 
0.4% CO2-
enriched air 
+ red 
0.4% CO2-
enriched air + 
25→35 ˚C shift 
Biomass productivity (g L-1 day-1) 0.099 a 0.183 b 0.092 a 0.128 a 0.042 c 
Maximum specific growth rate µ (day-1) 0.348 m 0.909 n 0.361 m 0.764 n 0.583* n 
Doubling time (day) 1.990 x 0.762 y 1.918 x 0.907 y 1.189* y 
pH at harvest 6.83 (0.52) 6.66 (0.23) 7.23 (0.32) 6.61 (0.36) 6.33 (0.76) 
Final phosphate concentration (mg L-1) 5.33 (1.45) 16.67 (0.91) 33.61 (3.99) 4.81 (2.80) 45.83 (4.39) 
 
*This specific growth rate and doubling time were calculated based on the maximum specific growth rate 
taken just before temperature shift at day 7. 
The letters describe statistical significance (P < 0.05) for n ≥ 3. The groups of “a, b, c”, “m, n” and “x, y” 
define the significance of biomass productivity, maximum specific growth rate, and doubling time, 
respectively.    
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Fig. 4.3 Mean growth of Ettlia oleoabundans under different gas sparging culture conditions 
(▲,+ air; ■, + 0.4% CO2 enriched air; ●, + air with red light supplementation; ○, + 0.4% CO2 
enriched air with red light supplementation; □, + 0.4% CO2 enriched air with temperature shift 
from 25 to 35 ˚C at Day 7 indicated by arrow). Light intensity was 95 µmol m-2 s-1 under 
continuous cool-white fluorescent lights; with added red light intensity was: 45 µmol m
-2
 s
-1 
LED 
red light peaking at 660 nm + 50 µmol m
-2
 s
-1
 cool-white.  
 
It required about 2 days to double algal biomass during the exponential growth stage fed 
0.04% CO2 irrespective of the presence of red light. However, when 0.4% CO2 was added, 
doubling time was significantly shortened to < 1 day (Table 4.1). Compared to the starting pH at 
6.4, there was only a slight increase in pH at harvest under most circumstances with no culture 
exceeding 7.5.   
At inoculation the average starting nitrate and phosphate concentrations were 155.4 and 
172.6 mg L
-1
, respectively. A preliminary study showed that with air sparging (0.04% CO2), 
more than 90% of starting nitrate was consumed by day 7 and depletion occurred at day 9 (data 
not shown). Not surprisingly, under all conditions in this study, no nitrate was detected in the 
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spent media at harvest. Although phosphate was never completely depleted, more than 75% was 
consumed by all cultures at harvest, and only about 3% remained in cultures grown in either 0.04% 
CO2 or 0.4% CO2  + red light (Table 4.1).   
 
Table 4.2 Volumetric yield of total FAMEs detected by GCMS, the corresponding percent 
FAMEs per algal cell dry weight, and the end-of-culture Nile red readings under different culture 
conditions (± 1 SD in parenthesis) 
Condition Air 
0.4% CO2-
enriched air 
Air + red 
0.4% CO2-
enriched air + red 
0.4% CO2-
enriched air + 
25→35 ˚C shift 
FAMEs (mg L
-1
) 12.91 a, b 31.93 b, c 16.90 a, b 39.52 c 7.49 a 
% w/w FAMEs/algae 0.550 x 0.963 x 0.797 x 1.533 x 0.712 x 
Nile red readings  
(x10
4
 arbitrary unit) 
21.3 (2.1) 19.5 (2.7) 15.6 (1.5) 23.3 (0.0) 5.0 (0.4) 
 
Letters indicate statistical significance (P < 0.05) for n ≥ 3. The groups of “a, b, c” and “x” define the 
significance of volumetric yield of FAMEs (mg L
-1
) and percent FAMEs per algal cell dry weight, 
respectively.    
 
4.3.2 Lipid yield under different CO2 and light conditions  
All cultures had about the same end-of-culture Nile red readings except those from the 
temperature shift experiment, which were about 70% less (Table 4.2). GCMS analysis of FAMEs 
matched Nile red readings, showing maximum volumetric yield of FAMEs at 39.52 mg L
-1
 in 
algae grown at 0.4% CO2 + red light and minimum yields at 7.49 mg L
-1
 for algae treated with 
the temperature shift. When red light was present, the FAME yield more than doubled when CO2 
increased from ambient level of 0.04% to 0.4% (Table 4.2). Under cool-white light alone, a 
similar enhancement in FAME yield was observed after increasing CO2 concentration, and the P 
value was only 0.056. Pairwise comparisons showed that although FAME yield increased 24 – 
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31% with red addition, the increase was not significant (p = 0.113 – 0.541). In terms of cellular 
content of FAMEs (%w/w), it ranged from 0.55 to 1.53% and was not statistically different 
among all conditions in this study.   
 
4.3.3 Lipid composition under different CO2 and light conditions  
The chain length of fatty acids produced by Ettlia ranged from 14 to 18 carbons (Table 4.3). Two 
predominant FAMEs detected were palmitic acid (C16:0) and oleic acid (C18:1), together 
representing 65-77% of the total FAMEs. If temperature was maintained at 25 ˚C throughout the 
experiment, the major FAME produced was C18:1 regardless of CO2 enrichment or red light 
supplementation. At 0.04% CO2 the C18:1 yield was about 50%, twice that of C16:0, which was 
24-26% (Table 4.3). The relative percentage of C18:1 was highest in 0.04% CO2 under cool-
white, and statistically significant compared to cultures grown in 0.4% CO2 ± red light (Table 
4.3). In contrast, there was proportionately more C16:0 than C18:1 in cultures after the 25 → 35 
˚C temperature shift (Table 4.3). Production of polyunsaturated FAMEs was generally limited. 
Compared to those grown in 0.04% CO2 under cool-white light, cultures provided with 0.4% 
CO2 or red light decreased their proportion of C18:1 while increasing the amount of linoleic acid 
(C18:2) to more than 20% of the total FAMEs. The proportion of linolenic acid (C18:3) 
remained below 3% for all conditions.  
The maximum volumetric yield of C18:1 was 15.63 mg L
-1
 at 0.4% CO2 + red light; this 
culture condition also resulted in the maximum cellular C18:1 content at 0.61% (w/w) (Fig. 4.4).  
Increasing the CO2 content to 0.4% when red was present nearly doubled the C18:1 yield 
compared to that at the lower CO2 (0.04%) + red condition, however, the results were only 
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significant at ~ 91% confidence level. Overall, the amount of C18:1 per cell (w/w) was not 
statistically different for all conditions tested (Fig. 4.4). 
 
 
Table 4.3 Relative percentage of each FAME of total detected FAMEs produced by Ettlia 
oleoabundans grown under different conditions. 
  
Specific 
FAMEs  
 
% FAMEs at condition 
Air 
0.4% CO2-
enriched air Air + red light 
0.4% CO2-enriched 
air + red light 
0.4% CO2-enriched 
air + 25→35 ˚C shift 
C14:0 1.18 0.45 0.65 0.60 1.31 
C15:0 1.04 0.18 ND 0.88 ND 
C16:0 25.69 24.62 24.42 26.30 42.02 
C16:1 2.21 1.96 2.14 1.80 0.54 
C16:2 0.83 2.28 2.76 1.65 2.89 
C16:3 0.50 1.25 1.24 1.20 1.14 
C17:0 2.11 2.24 1.23 2.26 2.36 
C18:0 3.12 2.63 0.84 2.56 4.08 
C18:1 52.72 a 41.12 b 43.66 a, b 38.33 b 32.96 b 
C18:2 9.88 21.02 23.07 22.51 12.71 
C18:3 0.71 2.25 ND 1.92 ND 
ND: not detected. 
The letters “a, b” describe statistical significance (P < 0.05) for n ≥ 3 of the percentage of C18:1 in total 
FAMEs (%w/w). 
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Fig. 4.4 Mean volumetric yield of C18:1 and percent C18:1 per cell dry mass for different 
growth conditions (column, volumetric yield of C18:1; squared marker, %w/w C18:1 per cell). 
The letters “a, b” describe statistical significance (P < 0.05) of the volumetric yield of C18:1 for 
n ≥ 3. 
 
4.4 Discussion  
There are several interesting findings in this study: CO2 enrichment significantly increased the 
exponential growth rate of Ettlia and FAME production; high carbon conversion efficiency 
under air sparging was achieved; red light supplementation did not significantly enhance either 
FAME or overall biomass yield; phosphate consumption was also high under all conditions. The 
effects of CO2 delivery and red light on growth and FAME production of Ettlia are summarized 
in Table 4.4. Shake flask cultures in an earlier study (Chapter 3) were exposed to the same light 
intensity, temperature, media composition and CO2 concentration (air at 0.04% CO2) as were the 
0.04% (air sparged) cultures in this study, thereby enabling a direct comparison of two key 
factors: efficiency of gas delivery and red light addition. 
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Table 4.4 Comparative effect of delivery of CO2 ± red light on growth and FAME production of 
Ettlia oleoabundans. 
Culture condition 
Biomass Productivity (g L-1 day-1) 
0.04% CO2 0.04% CO2 + red Ref. 
Shake flask 0.049 0.032 Chapter 3 
Sparging 0.099 0.183 This study in Chapter 4 
  Doubling time (days) 
Shake flask 7.89 6.28  Chapter 3 
Sparging 1.99 1.92 This study in Chapter 4 
  Total FAMEs (mg L-1) 
Shake flask 4.20 11.7 Chapter 3 
Sparging 12.9 16.9 This study in Chapter 4 
 Percent FAMEs (w/w%) 
Shake flask 0.27   0.95   Chapter 3 
Sparging 0.55   0.80   This study in Chapter 4 
  C18:1 (mg L-1) 
Shake flask 1.34 4.58 Chapter 3 
Sparging 6.81 7.33 This study in Chapter 4 
  
Shake flasks were provided ambient aeration at 100 rpm on an orbital shaker; sparging ambient air into 
cultures grown in mini photobioreactors was used in this study. Both sets of experiments had the same 
media, temperature and light intensity conditions.  
 
This study achieved a maximum biomass concentration of 3.5 g L
-1
, doubled that of our 
prior studies using shake flask cultures (Yang et al., 2013; Chapter 3). Compared with other 
Ettlia studies, Li et al. (2008) and Gouveia et al. (2009) reported that with 5% CO2 bubbling in 1 
L reactors at 30 ˚C, maximum biomass was 2.4 and 1.0 g L-1 under light intensities at 360 and 
150 µmol m
-2
 s
-1
, respectively. To compare data we assumed the average cell carbon 
composition of Ettlia was similar to that of C. vulgaris (Goldman and Graham, 1981), 0.46 g/g 
and calculated carbon conversion efficiency (CCE) using equation 4. Cultures provided 0.4% 
CO2 had a CCE of 7.91% while those provided with a tenth as much CO2 (0.04%) had a 
considerably higher CCE of 79.1%. The CCEs in this study were greater than those calculated 
for other Ettlia studies at 4.07% (Li et al., 2008) or 1.77% (Gouveia et al., 2009). Moreover, their 
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light intensities were considerably higher at 150 and 360 µmol m
-2
 s
-1 
than ours at 95 µmol m
-2
 s
-
1 
and their cultures were grown at 5% CO2 10-100 times the amount of CO2 used in our study, so > 
95% of their provided CO2 was wasted and not converted to biomass. The high CCE obtained in 
this study demonstrated the importance of effective gas delivery balanced with light intensity for 
effective use of CO2 in algal growth. Indeed in reactors with larger working volumes, self-
shading and/or limited gas exchange become problematic in dense algal cultures, so scale and 
dimension are important in reactor design. For example, Pruvost et al. (2009) optimized an airlift 
photobioreactor and obtained Ettlia yields of ≥ 6 g L-1.  
Despite the lower CCE, doubling time of Ettlia was significantly shortened from 1.9 to 
0.9 days when CO2 was increased tenfold from 0.04 to 0.4% CO2. This suggested that at the light 
intensity used in our study, optimal CO2 concentration is likely somewhere between 0.04 and 0.4% 
CO2. Similarly, starting with the same N:P ratio of 1.7, Gouveia et al. (2009) reported a 
decreased doubling time from 2.2 to 1.4 days after 5% CO2 was added to the air stream. 
Although much of the CO2 was not likely converted to biomass (CCE was 1.77%), its addition 
improved exponential growth compared to Ettlia grown in air. 
Phosphate consumption by Ettlia was another intriguing observation. In previous shake 
flask studies (Yang et al., 2013; Chapter 3), phosphate concentration barely changed in the 
medium even after nitrate depletion. In this study, however, cultures that had reached their 
maximum biomass concentration had less than 10% of the original phosphate in their medium at 
harvest. Thus, it appeared that when CO2 delivery was improved and there was more carbon 
fixation leading to increased biomass yield, algae may have enhanced phosphate uptake thereby 
increasing the pool of available energy-rich organic phosphorus compounds for metabolic 
activities (Arnon, 1956; Rhee, 1973).  
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Generally, the gas delivery system used in this study increased exponential growth and 
overall biomass productivity compared to earlier shake flasks. Although the cellular percent of 
FAMEs did not always increase, total FAME and oleic acid yields also increased with improved 
gas delivery (Table 4.4). Red light exerted a more dramatic influence on FAMEs and especially 
the C18:1 production in shake flask cultures when CO2 was less effectively delivered and 
therefore limiting. Thus, the red light enhanced effect on FAME production in CO2 limited 
cultures was diminished in this study by the stronger impact of more efficient gas (CO2 
specifically) transfer to cells.  
FAME composition of TAGs produced in this study was further investigated to evaluate 
their potential fuel quality including cold-flow properties and oxidative stability. The classes of 
FAMEs detected were relatively consistent among all conditions tested. The predominance of 
C16:0 and C18:1, two major fatty acids primarily synthesized in algal plastids, was also observed 
in all previous studies performed in our lab (Yang et al., 2013; Yang et al., 2011) as well as other 
reports on Ettlia (Levine et al., 2011; Gouveia and Oliveira, 2009; da Silva et al., 2009; Gouveia 
et al., 2009; Tornabene et al., 1983). Compared to 0.04%, when grown with a tenfold greater 
amount of CO2 (0.4%), Ettlia doubled its C18:1 yield, but the proportionate increase in the 
overall FAME yield was about the same.  
The degree of unsaturated fatty acids was slightly higher in Ettlia grown under 0.4% than 
0.04% CO2, which was different from what Tsuzuki et al. (1990) observed in C. vulgaris, 
suggesting species specificity. Compared to growth in 0.04% CO2 more C18:2 was produced in 
cells grown in 0.4% CO2, but the overall amounts were still small. Since the total relative 
percentages of C18:1 and C18:2 remained unchanged, it was possibly the introduction of a 
second double bond into the C18:1 carbon chain through desaturation that resulted in this 
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difference. C18:3 was less than 3% under all conditions, well below the limit of 12% set by the 
European Standard EN 14214 for diesel engines to avoid oxidative instability (EN-14214, 2003; 
Duvekot, 2011).  
Overall, this study showed that CO2 enrichment enhanced exponential growth and lipid 
production of Ettlia oleoabundans in the mini photobioreactor. Although in an earlier study red 
light was shown to enhance FAME yield and fuel quality, here CO2 was the more dominant 
factor. The mini photobioreactor used in this study allowed effective CO2 delivery, which greatly 
supported algal biomass buildup. Phosphate consumption also increased considerably when 
cultures were air sparged, but it did not become limiting. Together, these results show how 
various factors in combination with CO2 can potentially be harnessed to increase biomass and 
FAME productivity in Ettlia cultures.  
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Chapter 5: Ettlia oleoabundans Growth and Oil Production on 
Agricultural Anaerobic Waste Effluents 
 
Published as: 
Yang Y, Xu J, Vail D, Weathers P (2011) Ettlia oleoabundans growth and lipid production on 
agricultural anaerobic waste effluents. Bioresource Technology 102: 5076-5082  
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Abstract 
The feasibility of growth and oil production by Ettlia oleoabundans fed with anaerobic digester 
effluents of three agriculture wastes from the Arkansas Delta, catfish processing waste, soybean 
field waste, and rice hulls was studied. Compared to standard BBM medium, all three effluents 
were deficient in phosphate and nitrate, but rich in ammonia and urea. Best growth was on 2% 
(v/v) soy effluent, but scant oil was produced on any of the effluents. When the 3 effluents were 
mixed, growth did not substantially increase, but oil content increased up to six-fold, depending 
on age of the effluent. Similar to growth in BBM, the main fatty acids produced were palmitic, 
oleic, and linoleic. These results show that anaerobically digested agricultural wastes can 
potentially support both growth and high oil productivity in E. oleoabundans.  
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5.1 Introduction 
Renewable and sustainable biofuels are needed to displace fossil-based fuels such as petroleum 
that contribute to global warming (Mascarelli, 2009; Mata et al., 2010; Waltz, 2009). Biodiesel 
from algae, a third-generation biofuel with productivity potential up to 100,000 L hectare
-1
 
annually, presents one of the most attractive energy sources to resolve the worldwide energy 
shortage crisis (Chisti, 2008; Huang et al., 2010). Algae can accumulate up to 80% of their dry 
biomass as neutral lipids (triacylglycerides, TAGs) that can be readily converted to biodiesel 
through a simple transesterification reaction step (Banerjee et al., 2002; Chisti, 2007). Algal-
based biodiesel is similar in properties to standard biodiesel, and can be used in existing diesel 
engines without modification or blended in any ratio with petroleum diesel (Chisti, 2008; Huang 
et al., 2010). By far, algal-based biodiesel is regarded as the only renewable biofuel that has the 
potential to completely displace liquid transport fuels derived from petroleum (Chisti, 2008; 
Sivakumar et al., 2009).  
Algae produce more oil, consume less space, and can be grown on land unsuitable for 
agriculture compared to other biodiesel feedstocks such as rapeseed, oil palm or soybean crops 
(Chisti, 2007; Huang et al., 2010; Mata et al., 2010). Furthermore, they are able to fix CO2 very 
efficiently, 10-100 times more efficiently than higher plants, thus they have the potential to 
sequester carbon in waste CO2 emission from coal power plants or other sources, thereby 
reducing greenhouse gases (Brune et al., 2009; Patil et al., 2008). To produce any biomass crop, 
considerable nutrient input is required, so the possibility of using human sewage, agricultural or 
industrial wastes, or other waste products such as polluted streams from fertilizer run off would 
be beneficial. Both the cost of the biofuel and the level of environmental pollution would be 
lowered and this bioremediation also improves the thermodynamic cycle in a far more 
sustainable way (Cantrell et al., 2008; Kebede-Westhead et al., 2003; Mulbry et al., 2008).  
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Considering that, thus far, the major impediment to developing algal biofuels is economic 
(Chisti, 2008), costs could be reduced by advances in production technology. We are interested 
in developing an integrated biorefinery process, in which an anaerobic digester (AD) is 
integrated with an algal biomass production system for cost-effective production of algal oil.  
This integrated system is conceptualized as a closed-loop waste-to-energy conversion, in which 
ADs recycle and convert the energy stored in organic waste materials such as animal manure and 
agriculture wastes into CH4 and CO2-rich biogas suitable for renewable energy production. AD 
effluents (ADE) that are still rich in some nutrients (e.g. NH4
+
, NO3
-
 and PO4
3-
) are fed to algae, 
thus by-passing the need to purchase much if any algal fertilizer (Sialve et al., 2009). Biogas 
generated from AD can be combusted to produce electrical power or heat in winter, and the CO2 
generated from combustion of biogas can be recycled back into the algal culture vessel to 
increase biomass and oil content. In the agriculturally rich Arkansas Delta, there are potential 
waste streams that could provide potential ADE input, including rice hulls, soybean filed waste, 
and catfish processing waste.  
Recently Levine et al. (2011) reported that Neochloris oleoabundans grew on the AD 
effluent of dairy manure and yielded 10-30% (w/w) of fatty acids within a week of inoculation.  
Here we show how an oil-rich alga, Ettlia oleoabundans (formerly known as Neochloris 
oleoabundans), grew and accumulated oil on the AD effluents from the digestion of three 
different agriculture wastes that are abundant in the Arkansas Delta.  
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5.2 Materials and methods 
5.2.1 Algal strain and culture maintenance conditions 
The microalga used in this study was Ettlia oleoabundans (UTEX #1185). Cultures were 
maintained in modified Bold’s Basal Medium (BBM; Nichols and Bold, 1965) in 125 mL shake 
flasks at 100 rpm, under continuous cool-white fluorescent light (model GE F15T8-CW) at 60 
μmol m-2 s-1 at 25 °C. Subculture was performed bi-weekly to maintain active algal growth. Cell 
number dry weight (DW) equivalency was determined as 1 g DW L
-1
 = 8.85 × 10
6 
cells mL
-1
; 1.0 
OD540 = 0.765 g DW L
-1
. These correlations were established using standard microbial methods 
and for cultures grown in BBM. All experiments in BBM used OD to measure growth, while all 
experiments in the anaerobic waste effluents used cell counts to measure growth.  
 
5.2.2 Anaerobic digesters and effluent production 
The catfish waste consisting of a mixture of fish meat, bones, scales, gills and inner organs was 
obtained from a local catfish farm in the Arkansas Delta area. Rice hulls were obtained from 
Riceland Foods, Jonesboro, AR, while soybean wastes were collected from a local soybean field 
after the fall 2008 harvest. Fresh catfish waste was homogenized using a Sambaere TS-110 
Super Grinder and the homogenate stored at -20 °C before use.  Soybean wastes were ground 
into small pieces of < 2 mm using an electronic grinder. Both soybean and rice hull wastes were 
soaked in tap water for more than 3 days before loading into the anaerobic digester. 
Laboratory-scale anaerobic digesters were constructed using 2 L Nalgene heavy-duty 
polyethylene bottles with a working volume of 1.5 L. The digesters were connected via silicone 
tubing to a gas-collecting tank filled with NaCl-saturated water.  The water was displaced into a 
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graduate cylinder by the biogas produced during anaerobic digestion. During operation the 
digesters were placed in a 35 °C temperature-controlled water bath.  
Digestion of catfish waste, rice hull, and soybean wastes were carried out separately at 
wet biomass % (w/v) of 10%, 20% and 20%, respectively. Anaerobic sludge for initial 
inoculation was collected from the bottom of a swine lagoon. Before use in the digestion of the 
three agricultural wastes, the swine sludge was anaerobically incubated with cow manure at a 
ratio of 5:1 (w/w) at 35 °C for more than 20 days. This generated a digester inoculum (DI) 
containing 4.8% (w/v) of total solids (TS); each digester was inoculated to 50% of the working 
volume with the DI. Both the sludge from the swine lagoon and the cow manure were collected 
from the Arkansas State University farm (Jonesboro, AR). Daily biogas production was recorded 
by measuring the volume of water displaced from the gas-collecting tank. The digesters were 
operated for more than 25 days until biogas production ceased. Liquid effluent from the digester 
was collected and centrifuged at 4,000 rpm for 10 min with a Jouan CR312 centrifuge. Effluents 
from three anaerobic digesters (soybean, rice hull and catfish) were collected. The supernatant 
was collected, sealed, and stored in a fume hood in the lab at room temperature (~25 °C) for 
future experiments with algal cultures. As needed the containers were opened and effluent 
aliquots were withdrawn for experiments. 
 
5.2.3 Algal culture on anaerobic digester effluents  
Digester effluent supernatant was further diluted by tap water to concentrations of 2%, 5% and 
10%, respectively. A 5 mL aliquot of E. oleoabundans growing in BBM in logarithmic phase 
growth (approximately 1 week after subculture) was added to 30 mL of 2%, 5% and 10% ADE 
in 125 mL Erlenmeyer flasks. This volume of inoculum and its medium did not significantly 
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change the nutrient concentrations of the waste medium. Algal inoculum cell number was 1.44 × 
10
6
 cells mL
-1
 at the beginning of each experiment. Cultures were gown at 100 rpm, 60 μmol m-2 
s
-1 
at 25 °C under continuous, full spectrum fluorescent lights (model GE F40T12-SR). Sampling 
was performed every 2-3 days to track algal growth and lipid accumulation. To test synergistic 
effects of adding multiple effluents to a single culture, either 0.67% of each (= 2% in toto), or 2% 
each of catfish, soybean, and rice effluent (= 6% in toto) were provided as algal culture medium 
in year of 2009 (Yr2009). When the experiment was replicated in Yr2010, the pH of the stored 
effluents had increased about 2 units from 6.5 to 8.5, so the starting pH of the 2010 cultures was 
decreased to 6.5, and sodium phosphate was added to replenish phosphate that was depleted 
during storage (Table 5.1).  
 
5.2.4 Media composition, digester effluent, biomass and lipids analyses  
Nitrate, ammonium, phosphate and residual sugars were assayed using the methods described by 
Kim et al. (2003), Towler et al. (2007), and Dubois et al. (1956), respectively. Algal biomass was 
measured by cell count using a haemocytometer and immediately after the sample was taken. 
Neutral lipids were determined on the algal suspension in its medium and based on the relative 
fluorescence readings obtained from a modified Nile red quantitative assay using a black 96-well 
plate (Chen et al., 2009). To linearly correlate the relative fluorescence reading with the actual 
lipid concentration, a standard fatty acid was selected, serially diluted by DMSO within the range 
of 0.2-1.0 g L
-1
 and 5 µL of standard was loaded into the wells of a 96-well plate along with 292 
µL of 25% DMSO and 3 µL of the Nile red solution (Chen et al., 2009). Oleic acid (Sigma), the 
most abundant long-chain fatty acid (18:1) produced by E. oleoabundans (Tornabene et al., 
1983), was selected as the lipid standard. A standard curve correlating oleic acid to Nile red 
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fluorescence was established. Thus, the concentration of algal lipids present in the cultures is 
presented as oleic acid equivalents (OAE, mg L
-1
, Fig. 5.2A). Therefore, in this study the Nile 
red lipid content in the algal cells can be expressed as % g OAE [g Nile red lipids (dry cell 
mass)
-1
] × 100. Although DMSO concentrations up to 25% can increase Nile red fluorescence 
(Chen et al., 2009), in our studies the amount was kept constant for both our experimental 
analyses and standard curve. 
 
5.2.5 Lipid extraction and GCMS analysis 
To extract oils from the algae, the method of Lee et al. (1998) was followed. Algal cells were 
harvested by centrifugation, re-suspended in 0.5 M sodium phosphate buffer (pH = 7.4) and 
disrupted by a bead beater (Biospec, Model HBB908) using 1 mm glass beads. The algal slurry 
was extracted twice using chloroform:methanol (2:1, v/v). The lower organic phase from each 
extraction was collected, combined, washed with 5% (w/v) NaCl solution and evaporated to 
dryness under nitrogen. For future analysis, the dried lipids were re-dissolved in 1 mL hexane 
and stored under nitrogen in a sealed vial at 4˚C.  
Algal lipid triacylglycerides were converted to their methyl esters via transesterification 
using BF3-methanol (14%) solution in a KIMAX glass tube with Teflon-lined screw cap 
(Ackman, 1998). After heating at 100 °C for 1 h, the reaction mixtures were cooled to room 
temperature before adding hexane and water to further render the system biphasic. The mixture 
was then centrifuged and the upper hexane layer was collected, passed through a 0.45 µm filter, 
and analyzed by GCMS (Agilent Technologies 7890A GC, Agilent 5975C MS) equipped with a 
triple-axis detector using automated splitless injection (Agilent G4513A, 7693A autosampler 
injector). Helium was the carrier gas maintained at a flow rate of 1 mL min
-1
. The column used 
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was Stabilwax® Cat#10623 (30 m*0.25 mm*0.25 µm) with polyethylene glycol as the stationary 
phase. Column temperature was held at 125 °C for 1 min, elevated first at 10 °C min
-1
 for 5 min 
to 175 °C and then at 6 °C min
-1
 to reach 250 °C when all fatty acid methyl esters (FAMEs) of 
interest had been eluted. Tridecanoic acid (C13:0) was used as the internal standard for absolute 
quantification of each detected fatty acid adjusted by the pre-determined relative response factor 
(RRF) correspondingly (Eder, 1995).  
 
5.2.6 Statistical analyses 
All experiments were run at least in triplicate, averages calculated, and data statistically analyzed 
using ANOVA. 
 
5.3 Results and discussion 
5.3.1 Composition of AD waste effluents 
Concentrations of ammonium, urea, nitrate, and phosphate of the three ADEs (rice hull, soybean 
and catfish) are listed in Table 5.1. Compared with the standard BBM containing 163 mg L
-1
 
phosphate and 182 mg L
-1
 nitrate, all three effluents were found phosphate and nitrate deficient. 
It is interesting to note that effluent from catfish wastes was richest in all five components 
analyzed, while rice hull consistently showed the least. Though little active nitrate was detected 
in these effluents, ammonium and urea contributed to the total nitrogen (TN) in all three samples 
with ammonium concentration being highest. Other studies have shown that reactions like 
denitrification and dissimilatory nitrate reduction to ammonium are predominant in anaerobic 
digesters, thus generating ammonium-rich digester supernatant (Kaspar et al., 1981; Fux and 
Siegrist, 2004; Levine et al., 2011; Wang et al., 2010). Besides total residual sugar analysis,  
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glucose content was determined separately and found to be less than 40 mg L
-1
 in all three 
samples (data not shown). Different from other synthetic anaerobic digesters, glucose was not 
purposely added as the carbon source when starting the digestion system. Additionally, glucose 
is readily degraded and fermented by various bacteria in the anaerobic digestion process. 
Therefore, the residual sugars detected likely also include other monosaccharides like xylose in 
the effluent.  
 
Table 5.1 Comparison of composition of the three anaerobic waste effluents at time of 
production and after 1 year of storage with BBM-grown cultures. 
Nutrient 
concentration  
(mg L
-1
) 
Rice hull Soybean Catfish  
BBM 
Summer 2009 Summer 2010 Summer 2009 Summer 2010 Summer 2009 Summer 2010 
Nitrate 0.0a 0.1b 1.1a 1.8b 2.7a 3.6b 182 
Phosphate 55.8a 72.5a
 
 592.5a 116.9b 875.0a 850.6a 163 
Ammonium 257.9a
 
 292.6a 743.1a 787.2b 3105.1a 3683.5b 0 
Urea 3.4a 4.0a 22.2a 23.0a 45.3a 59.0b 0 
pH 6.5 8.72 6.4 8.29 6.1 8.23 6.4 
 
Data analyzed by ANOVA. Different letters indicate significant difference at p < 0.05 between Yr2009 and Yr2010 
for each waste. 
 
Algal experiments were conducted over two years using the same batch of AD effluents 
for media preparation. However, as the stored effluent “aged”, some changes occurred, most 
notably an increase in pH by 2 units, from about 6.5 to about 8.3. Phosphate content also 
changed significantly in both the rice hull and catfish wastes. Nitrate levels in the starting AD 
were barely detectable, so although they did not change appreciably, ammonium content did 
change, increasing slightly, but only in the rice hull effluent. Although it is likely that the 
observed changes in the AD effluents over time are from slow activity of residual anaerobes that 
may be facultative, further study would be required to explain this observation. 
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5.3.2 Ettlia growth and oil production on single AD waste effluents 
Because the culture medium that contained the waste was somewhat opaque, growth of Ettlia on 
the 3 waste ADE was determined through cell counts (Fig. 5.1), but linear correlations between 
OD, cell counts, and dry mass were established and used to generate subsequent results (see 
methods section for the correlations).  
Algae grown on rice hull and soybean ADEs displayed similar growth trends at the 3 
concentrations, 2, 5 and 10% (v/v), of ADEs tested (Fig. 5.1A and 5.1B). Specifically, 
exponential growth was maintained for a week after inoculation and peaked at 2.0-2.5 × 10
7
cells 
mL
-1
 (= 2.2-2.8 g DW L
-1
) for cultures grown in media containing either 2% rice hull or 2% 
soybean AD effluent. This maximum cell density is similar to the results reported by Li et al. 
(2008). They used a modified soil extract (SE) medium containing 5 mM sodium nitrate with 5% 
CO2 and obtained an Ettlia cell density of 2.4 g DW L
-1
, 6 days post inoculation. In our soy and 
rice 5% ADE cultures, growth was considerably less, from 1.44 × 10
6
 at inoculation to between 
5-15 × 10
6
 mL
-1
 (0.6-1.7 g DW L
-1
) after 2-5 days exponential growth (Fig. 5.1A and 5.1B). 
When the ADE concentration was further increased to 10% in the media, algal growth was 
inhibited. Levine et al. (2011) also observed best growth of Ettlia when grown in 2% ADE dairy 
manure, and equivalent to that in their standard media controls.  
Interestingly, oscillation of Ettlia cell numbers was noticed in both 2% and 5% rice hull 
and soybean waste effluent cultures. This phenomenon has also been reported for other 
zooplankton species (Goulden and Hornig, 1980; Johnson and Wiederholm, 1989). The Ettlia 
life cycle includes periodic bursts of “naked” zooids (zoospores) and their release and ultimate 
maturation may account for these observed oscillations (Komárek, 1989). The changing 
composition of the batch culture ADE may stimulate these oscillations.   
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Fig. 5.1 Growth of Ettlia in effluents from 2009 AD effluents from rice hull, soybean and catfish 
wastes (♦ 2%; ■ 5%; ▲ 10%). Error bars = ± SE; n = 3. 
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Fig. 5.2 Oleic acid equivalent (OAE, mg L
-1
) accumulated in Ettlia cultured in effluents from 
Yr2009 AD effluents from rice hull and soybean wastes (♦ 2%; ■ 5%). A. shows linear 
correlation between Nile red fluorescence and oleic acid. Error bars = ± SE; n = 3. 
y = 3.6285x - 700.58 
R² = 0.9955 
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Initial inoculation of Ettlia into 2% catfish AD effluent resulted in no growth for 2 weeks. 
All experiments solely using the catfish waste effluent were subsequently conducted using algae 
that had been pre-cultured, acclimated, for 2 weeks in 2% catfish waste effluent. Acclimated 
Ettlia subsequently grew, and in three concentrations of catfish waste ADE, 2, 5 and 10%, 
showed decreasing growth rates and biomass yields. Indeed, Ettlia died in the 10% catfish AD 
effluent. The greatest cell number obtained in the 2% and 5% catfish ADE was between 5-6 × 
10
6
 cells mL
-1
 (about 0.6-0.7 g dry cell L
-1
), which was significantly less than growth in either 
the 2% rice hull or 2% soybean ADE.  
Using Nile red fluorescence, the concentration of OAE produced by Ettlia grown in 2 and 
5% rice hull and soybean waste effluents were calculated as shown in Fig. 5.2. Greater lipid 
productivity was observed in Ettlia maintained in 2% than in 5% rice hull ADE (Fig. 5.2A). 
However, there was no significant difference between the OAE from the 2 and 5% soybean ADE 
Ettlia cultures (Fig. 5.2B). There was no detectable oil produced by algae grown in any 
concentration of catfish ADE (data not shown). Based on Fig. 5.2 and further calculations, 
greatest OAE accumulation in Ettlia was 65% at day 18 when grown in 5% rice hull ADE. 
Therefore, diluted rice hull ADE appeared to be a better ADE medium for growing Ettlia if high 
lipid production (%g OAE/g algal biomass) is the target. Results shown in Fig. 5.2 are 
comparable with other studies on lipid production from Ettlia. For example, Gouveia et al. (2009) 
reported that the lipid concentration (g/g) reached a maximum at 50-55% in all nitrate-deficient 
Ettlia cultures after 1 week. Furthermore, the lipid content of Ettlia routinely maintained in their 
standard Bristol medium was 20% (w/w). In contrast to the best growth conditions occurring at 2% 
ADE, Levine et al. (2011) found that oil production in Ettlia was best when their ADE was more 
dilute at 0.5%. Furthermore, neither growth nor oil production was altered if the ADE was 
119 
 
autoclaved suggesting that residual anaerobic microbes were not problematic. Though the Nile 
red assay is a quick method for neutral lipid staining, the exact amount of lipids should be further 
determined quantitatively and qualitatively by the gravimetric assay through lipid extraction and 
GCMS fatty acid analysis. 
  
5.3.3 Ettlia growth and oil production on mixed AD waste effluents 
Use of single waste streams, while practical in some areas, may not be practical in rural areas 
where there may be more than one type of waste being generated, so mixed streams are also 
important to investigate. To determine if a mixed waste ADE stream would be more effective at 
providing a better nutrient feed for the algae than single feeds, Ettlia was also grown on mixtures 
of catfish, soy and rice ADEs (Fig. 5.3). Two combinations were used: 0.67% of each waste 
stream totaling 2%, or 2% of each totaling 6%. When the freshly produced ADEs were mixed 
and used (year 2009), algal growth was about 1.75 × 10
7 
cells mL
-1
 (1.98 g DW L
-1
) for the 2% 
total mixture. This was a lower biomass yield than that for either the soy or rice ADEs, but 3 fold 
higher than growth in catfish ADE. Indeed the biomass yield was about equal to the average of 
the 3 independent ADEs at 2% (Fig. 5.3A). Growth on the 6% total ADE however, was about 
half that on the 2% mixed ADE (Fig. 5.3B). Significant dilutions of ADE appear to be required 
not only for Ettlia (Levine et al., 2011), but also Chlorella sp. (Wang et al., 2010) in order to 
produce both algal biomass and oil.   
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Fig. 5.3 Ettlia grown on mixtures of the 3 AD effluents with A, 0.67% each of catfish, soy, and 
rice, equaling in toto 2%, or B, 2% of each equaling in toto 6%. C shows growth and OEA from 
Yr2010 AD effluents, only in the 2% in toto mixed wastes, but with pH adjusted back to 6.4 (see 
Table 5.1) (♦ cell number; ■ Concentration of oleic acid equivalent converted from Nile red 
fluorescence reading).  
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OAE production, on the other hand, increased seven fold to about 1.4 g L
-1
 at day 22 (Fig. 
5.3A). This was about 63% of the DW. In contrast, the 6% mixture at 1.1 × 10
7 
cells mL
-1 
showed no such increase in growth or lipid production (Fig. 5.3B). By day 6 in the 2% mixed 
ADE there was no detectable nitrogen (data not shown); and nitrogen depletion occurred at day 
12 for the 6% mixed ADE culture. Other algae showed similar optimum production of oil when 
ADEs were diluted. For example, although Ettlia grew best at a 2% ADE dilution, maximum oil 
was obtained at 0.5% (Levine et al., 2011), and Chlorella showed a similar response to dilution 
(Wang et al., 2010). 
In practical operations, ADEs may not necessarily be fed immediately after the anaerobic 
digestion to growing algae. This is particularly the case for agricultural wastes that are usually 
seasonally produced. Thus, to exam the quality of ADEs after long-term storage, we repeated the 
experiment of growing Ettlia on mixed AD waste effluents 6 months later using the same ADEs 
that had been sealed, and then stored at 25°C. At first, we were unable to obtain the original 
results: growth was poor and there was no increase in lipid levels according to Nile red analysis. 
Subsequently, we analyzed the ADEs and determined that both pH and some nutrient levels had 
changed (Table 5.1, Yr2010 data). The mixed waste experiment was repeated again, but with 
both pH and phosphate content adjusted to make them more equivalent to the Yr2009 
components as shown in Table 5.1 (Yr2009 data). Although growth was similar, the OAE 
increase from point of inoculation was about a third that of the earlier run (compare Fig. 5.3C 
with 5.3A). Total lipids were gravimetrically measured at two points, at day 22 and 41, and well 
after Nile red readings showed that oil levels had ceased to increase (Fig. 5.3C). Although total 
extractable lipids decreased almost 50% by day 41, the total fatty acid methyl esters (FAMEs) 
analyzed by GCMS were not statistically different (Table 5.2). There was also no difference in 
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either the FAME concentration or % total lipids in the cells. Similarly there was no significant 
change in growth yield between 22 and 41 days. Although, cells at day 22 were still green, by 
day 41 they had lost visible chlorophyll. Thus, the decline in total extracted lipids probably 
reflects some other solvent extractable components (e.g. pigments, waxes, sterols) in the cells 
that were removed with the lipids of interest.  
 
Table 5.2 Comparison of lipid content of E. oleoabundans after growth in standard BBM 
medium or in the Yr2010 2% combined effluent wastes under the same culture conditions. 
Harvest time (day) 
Total lipids 
extracted (mg L
-1
) 
Algal dry mass 
(g L
-1
)  
FAMEs 
(mg L
-1
)
a
 
Total lipids in 
cell (%) 
FAMEs in cells 
(%) 
Effluent waste Yr2010   
14.67 
7.81 
  
9.84 
12.76 
  
0.50 
0.64 
22 
41 
276* 
131.77 
2.93 
2.75 
BBM standard medium   
38.89 
51.15 
  
7.62 
8.83 
  
1.79 
2.39 
22-27
b
 
30-35
b
 
157.68 
176.90 
2.28 
2.15 
 
a 
FAME (fatty acid methyl ester) content was calculated based on GCMS analysis of total lipids and taken from the 
sum of only those FAMES shown in Table 3.  
b
 Replicate cultures did not grow identically, so a range of harvest dates is shown in order to sample individual 
cultures at the same point in their growth curves. 
*Only this data point was significantly different (p < 0.05; n = 3) from its corresponding later data (day 41). No 
other data were statistically different between their corresponding analysis times for either ADE wastes or BBM 
cultures. 
 
In contrast to the studies by Levine et al. (2011), ADE medium in these experiments was 
not autoclaved because that would not be practical on a large scale. An algal-free ADE 
incubation was run for 18 days, however, for each of the three wastes, and although microbial 
biomass was not measured, there was about a 25% decline in phosphate, and a 40-50% decline in 
ammonium in each of the ADE wastes suggesting that some microbial growth occurred. 
However, there was no oil production as shown by Nile red analysis (data not shown). For 
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comparison, when phosphate and ammonia were measured after 17 days in each of the 3 ADEs 
at 2% in the presence of algae (Fig. 5.1 shows their growth), all the ammonia was gone and the 
phosphate levels declined by at least double that of cultures without algae (data not shown); 
algae also produced oil in some cases (see Fig. 5.2). These results show that although not 
optimized, the ADEs still supported growth and some oil production in the algae despite the 
presence of bacteria in the ADE effluents.  
Compared to Ettlia grown in BBM medium at about day 22, the total extractable lipids 
were greater in the 2% mixed ADE waste cultures, however, the level of FAMEs in those lipids 
was less than half that found in BBM grown cells (Table 5.2). Growth, on the other hand, was 
essentially the same for the two cultures. Although longer culture times in the mixed waste did 
not yield increased biomass, the lipid fraction decreased significantly while FAME content of 
cells remained about the same. In contrast, in BBM medium while the algal biomass did not 
increase, FAMEs increased about 30%, a result also observed by Levine et al. (2011). Together 
these results show that not surprisingly, lipid yield is quite different in this species depending on 
the source of nutrients. Furthermore, it seems that while algae can grow and produce oil in the 
mixed waste, further optimization would be required to determine if growth and oil production 
could be significantly enhanced.  
 
5.3.4 Oil composition 
GCMS analysis of the extracted lipids in algae grown in the 2% mixed ADEs showed that the 
major fatty acids were palmitic (C16:0), oleic (C18:1), and linoleic (C18:2) (Table 5.3). This 
general pattern was the same for algae cultured in BBM. This result shows that despite major 
alteration of their nutrient stream, Ettlia has not significantly altered its oil production profile.  
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Levine et al. (2011) also did not observe any major change in these three main fatty acids in 
Ettlia fed 0.5% ADE or standard medium even if the latter was supplemented with nitrate or 
ammonium. In contrast, Chlorella doubled its oleic acid content when the ADE dilution dropped 
from either 6.7 or 10% to 4-5% (Wang et al., 2010), suggesting that different species may 
respond differently to some nutrient level within the ADE. Interestingly, a mixed culture of algal 
species grown on dairy ADE showed that when CO2 was provided to the ADE, oleic acid 
increased 400%, while other fatty acids did not change significantly (Mulbry et al., 2008). It thus 
appears that a variety of inorganic nutrients including ammonia, nitrate, phosphate and CO2, and 
organic nitrogen (e.g. urea) may be altering fatty acid levels and composition in a variety of 
oleaginous algal species. 
 
Table 5.3 Fatty acid content of extracted lipid fraction produced by E. oleoabundans after 
growth in the Yr2010 2% combined effluent wastes vs. in BBM. 
Sample ID 
Fatty Acid Methyl Esters (FAMEs) 
C16:0 C16:1 C16:2 C16:3 C17:0 C18:0 
C18:1 
(ω9) 
C18:2  
(ω6) 
C18:3  
(ω3) Total 
Effluent wastes  
Day 22 (mg L-1) 2.03 0.09 0.06 0.25 0.13 0.399 3.50 7.72 0.50 14.67 
% of extractives as measured FAMEs 0.71 0.03 0.02 0.08 0.04 0.15 1.22 2.74 0.16 5.15 
Day 41 (mg L-1) 1.31 0.00 0.00 0.00 0.074 1.422 1.50 3.26 0.24 7.81 
% of extractives as measured FAMEs 1.05 0.00 0.00 0.00 0.06 1.05 1.29 2.63 0.23 6.30 
BBM 
 
Day 22-27a (mg L-1) 5.933 0.375 0.310 0.457 0.573 0.950 13.409 15.995 0.887 38.89 
% of extractives as measured FAMEs 4.71 0.19 0.16 0.23 0.44 0.76 10.28 11.58 0.45 28.80 
Day 30-35a (mg L-1) 8.454 0.875 0.417 0.406 0.889 1.056 21.702 16.461 0.890 51.15 
% of extractives as measured FAMEs 5.50 0.57 0.27 0.26 0.58 0.67 14.18 10.53 0.57 33.13 
 
There was no statistical difference between early and late analyses for either ADE or BBM cultures in Totals (last 
column; n = 3) 
a
 Replicate cultures did not grow identically, so a range of harvest dates is shown in order to sample individual 
cultures at the same point in their growth curves. 
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5.4 Conclusions 
E. oleoabundans is capable of growing on the ADEs, albeit as a significantly diluted feed, from a 
variety of agricultural and other wastes. Although this algal species also produces oil containing 
useful fatty acids, the amount and composition of that oil varies depending on the ADE substrate 
and concentration. Indeed, although in this first feasibility study oil production is greater in 
standard BBM medium than in ADE, the prospect of using ADEs as a nutrient stream is at least 
possible, if not yet practical. Optimization of ADE concentration, inorganic nutrient and CO2 
supplementation, light intensity and temperature must still be done. Future studies will focus on 
improving our understanding of the biochemistry of algal responses to components within these 
mixed wastes in order to optimize the use of these ADEs to improve both growth and oil 
productivity.
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Chapter 6: Conclusions and Future Work 
6.1 Conclusions 
In this study, the freshwater green microalga Ettlia oleoabundans was cultivated under different 
conditions to investigate the effects of temperature, light intensity and quality, carbon dioxide, 
and medium nutrients on algal growth, lipid yield, and fatty acid composition. The feasibility of 
growing Ettlia on agricultural anaerobic waste effluents for lipid production was also tested. The 
main conclusions of this study are listed below: 
(1) In shake flask cultures under ambient air mixing, the biomass concentration of Ettlia usually 
reached 1 – 2 g L-1 with an exponential specific growth rate of 0.2 – 0.4 day-1. When 0.4% 
(v/v) CO2-enriched air was sparged into the medium, Ettlia grew to 3.5 g L
-1
 and the 
doubling time was significantly shortened to < 1 day.  
(2) Fatty acid methyl esters, the methylation products of long-chain fatty acids released from 
triacylglycerides, reached a maximum of 39.5 mg L
-1
 under CO2 enrichment and red light 
supplementation. On the basis of cell content, FAMEs usually comprised 0.2 – 1.0% (w/w) 
of algal dry mass. At high temperature (35 ˚C), however, the cell composition of FAMEs 
was significantly greater at 1.4 – 7.9% (w/w).      
(3) Ettlia predominately produced C16 and C18 fatty acids. Oleic acid (C18:1), the most 
desirable biodiesel fatty acid, was also the leading component (30-50% w/w of total 
measured fatty acids) under most culture conditions especially at high temperature or under 
continuous red light when added to cool-white.    
(4) Replacing a portion of cool-white with red increased the FAME yield of Ettlia. A 30-minute 
exposure to red light during late exponential growth was sufficient to triple the yield of 
FAMEs compared to the cool-white control. The effect of far-red light, on the other hand, 
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was less than red and was also growth stage sensitive. In addition, no reversible 
photoreaction between red and far-red on lipid production was found in this study. 
(5) Normally, nitrate depletion was the prerequisite for accumulating large amounts of lipids in 
Ettlia. However, high temperature effectively triggered lipid accumulation in Ettlia 
independent of nitrate crisis.  
(6) Ettlia was capable of sustaining a dormant state at 5 ˚C, indicating its adaptation to a broad 
range of temperatures. 
(7) Diluted effluents from anaerobically digested agricultural wastes may potentially support 
Ettlia growth and high lipid production. Nutrient concentration and medium pH were 
deciding factors for growth and oil production on anaerobic effluents mainly because its 
composition was not chemically well defined and varied with effluent storage age.  
(8) Bold’s Basal medium used in this study was nitrogen-limited with a N:P ratio of 1.7:1. By 
tripling the nitrate concentration, Ettlia growth was enhanced. When growth followed a 
normal sigmoidal pattern, nitrate depletion occurred. In contrast, phosphate concentration 
barely changed unless there was CO2 enrichment. 
In summary, as a potential biodiesel feedstock, Ettlia adapted well to a variety of culture 
conditions and maintained high biomass growth and lipid yield. However, further studies are 
needed to achieve even greater biomass and lipid production. Additional work is also needed to 
better understand the physiology of this oleaginous species including its photosynthesis, 
photoreceptors, and TAG accumulation to make this microalgae-to-biodiesel conversion more 
technically and economically feasible.  
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6.2 Future work 
First, the role light quality plays in Ettlia growth and lipid production needs to be studied 
in depth. Since red light is important to both photosynthesis and phytochrome involved 
biochemical responses, how to define the red light effect is somewhat challenging. In this study, 
red light did not stimulate growth but significantly increased FAME yield, suggesting a possible 
correlation with phytochrome independent of photosynthesis. However, there was no reversible 
photoreaction between red and far-red on FAME yield. It is possible that there was a lag phase 
for Ettlia to transduce the perceived light signal to either promote or inhibit TAG production 
after the 30-minute red or far-red treatment. This lag is in contrast to some rapid biochemical 
events like increasing nitrate uptake in green macrophyte Ulva rigida after a five minute red light 
pulse, which was reversed by subsequent far-red pulse (López-Figueroa and Rüdiger, 1991). 
Greater variations in exposure to either red or far-red light during the red/far-red alternation 
should be tested. Moreover, due to limited knowledge about microalgal phytochrome and 
possible species specificity, the validation of phytochrome and its possible regulatory role in 
lipid production in Ettlia requires further study.  
Tripling nitrate concentration in BBM (3N BBM) extended exponential growth, and 0.4% 
(v/v) CO2 enrichment enhanced carbon conversion efficiency and increased biomass 
concentration, so it would be interesting to combine these two conditions to determine the upper 
limit of Ettlia biomass yield in a photobioreactor. How the volumetric yield and cell composition 
of FAMEs respond to these more growth favorable conditions are important to investigate.   
It is still unclear whether the positive effect of high temperature on cellular lipid 
accumulation is growth stage sensitive or nutrient supply dependent. It is important to balance 
conditions to achieve both high growth yields as well as high lipid yields.  
129 
 
Transcriptome analysis provides a novel tool for a more in-depth understanding of TAG 
synthesis in Ettlia. Recent studies by Rismani-Yazdi et al. (2012) revealed that for Ettlia, 
simultaneous overexpression of genes involved in TAG synthesis pathway and repression of the 
β-oxidation pathway significantly contributed to a 5-fold increase in TAGs when growing under 
nitrogen-limiting relative to nitrogen-replete conditions. Specifically, the majority of genes 
encoding enzymes participating in free fatty acid synthesis in plastids and TAG assembly in 
endoplasmic reticulum showed at least 50% up-regulation under nitrogen limiting conditions. 
Although ACCase was down-regulated under nitrogen limiting conditions, expression of its 
biotin-containing subunit (biotin carboxylase) was doubled, thus directing a stronger carbon flux 
towards fatty acid synthesis under nitrogen crisis. Furthermore, under nitrogen limiting 
conditions, there was a 50% up-regulation of the acyl-ACP desaturases. These enzymes 
introduce the first double bond to C16:0-ACP and C18:0-ACP, so their up-regulation lead to a 
much higher C18:1 at > 35% in total FAMEs compared to < 10% when nitrogen was abundant. 
Based on use of these advanced tools for assembling the transcriptome and quantifying gene 
expression responses in Ettlia, similar analyses should be carried out to compare the expression 
levels of genes involved in TAG synthesis, especially for the interesting high temperature and 
red light effects. Questions about the existence and function of phytochome in Ettlia could also 
be further explored. 
Technically, lipid extraction and fatty acid methylation are two time and energy 
consuming steps in bio-oil production studies. Direct transesterification of algal biomass, which 
combines these two procedures into a single step, is promising and makes algal biomass-to-
biodiesel conversion more labor efficient (Carrapiso and García, 2000; Johnson and Wen, 2009). 
However, current direct transesterification usually requires another new sector for intensive 
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energy input. For example, freeze-dried algal biomass resulted in greater biodiesel yield in direct 
transesterification compared to the traditional wet biomass (Johnson and Wen, 2009). In another 
instance, though the volume of solvents used in extraction was reduced, microwave or 
supercritical fluid was needed during extraction preparation (Carrapiso and García, 2000). Thus, 
further modifications of this one-step, direct fatty acid transesterification would be useful to 
enhance both lab and industrial studies.  
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Appendix I: Supplemental Figures and Tables for Chapters 1-3 
Chapter 1: 
Some basic information on unsaturated fatty acid nomenclature is shown in Fig. S1.1. 
The carbon position from the carboxyl group of a long-chain fatty acid is α, while ω indicates the 
carbon position from the methyl end. When double bonds are present, their positions are 
indicated as Δn, where n is the lower numbered carbon of each pair, so is the corresponding 
desaturase. For example, the stearidonic acid shown in Fig. S1.1 can be written as 18:4 Δ6,9,12,15. 
However, since the properties of unsaturated fatty acid are largely determined by the position of 
the first unsaturation relative to the methyl end, not the carboxyl end, the fatty acid shown below 
is also named as 18:4 ω3. 
 
Fig. S1.1 Structure and nomenclature of long chain fatty acids using stearidonic acid (C18:4) as 
an example.  
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Chapter 2: 
Table S2.1 Mean biomass doubling time during exponential growth under different light and 
temperature conditions. 
 
Biomass doubling time τd (Day) 
a 
 
70 µmol photons m
-2
 s
-1
 130 µmol photons m
-2
 s
-1
 200 µmol photons m
-2
 s
-1
 
10 °C 4.39 5.98 6.13 
15 °C 2.13 2.06 2.37 
25 °C 3.59 3.48 3.61 
35 °C 3.77 4.01 6.93 
 
a 
The biomass doubling time is calculated based on different time frames for each temperature: 1. Day 10-14 for 
10 °C ; 2. Day 3-7 for 15 °C; 3. Day 0-12 for 25 °C; 4. Day 0-4 for 35 °C. 
 
 
 
Fig. S2.1 Maximum specific growth rate µmax during exponential growth under different light 
and temperature conditions. 
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Chapter 3: 
 
 
 
Fig. S3.1 Growth and Nile red fluorescence readings of E. oleoabundans when exposed to 60 
µmol m
-2
 s
-1
 cool white or full spectrum fluorescent light (mean ± 1SD). 
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Table S3.1 Yield of FAMEs in E. oleoabundans exposed to 60 umol m
-2
 s
-1
 cool white or full 
spectrum fluorescent light. Based on the Nile red readings, samples are harvested and extracted 
on different stages of their stationary phase to track the changes in FAME composition. 
Harvest time 
Cool white 
C18:1 (mg L
-1
) FAME (mg L
-1
) cell dry weight (mg L
-1
) %w/w FA/cell 
Day 31 1.00 7.76 1005 0.77 
Day 43 3.93 13.15 1118 1.18 
Day 52 9.62 28.50 1026 2.78 
 Full spectrum 
Day 22-27 13.41 38.89  2276  1.71 
Day 30-35 21.70 51.15  2146  2.38 
 
 
 
    
Fig. S3.2 Spectral power distribution curves of two GE fluorescent lights. A. Full spectrum 
aquarium; B. Cool white (CW). (Available from the GE Lighting website 
http://www.gelighting.com/na/business_lighting/spectral_power_distribution_curves/, accessed 
on Aug 20, 2013) 
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Fig. S3.3 Dry biomass and volumetric yield of FAMEs of E. oleoabundans under light 
conditions with alternating treatment of R and FR (n=3, error bars ± 1SE). Cultures were treated 
with alternating 30 minutes of R and FR on day 14 and harvested and extracted on day 31. The 
light quality condition starts from day 14 after the cool white treatment at 95 µmol m
-2
 s
-1
 for the 
first 14 days. R indicates a combination of 50 µmol m
-2
 s
-1
 CW and 45 µmol m
-2
 s
-1
 R. FR 
indicates a combination of 93 µmol m
-2
 s
-1
 CW and 2 µmol m
-2
 s
-1
 FR. R and FR treated cultures 
are switched back to the 95 µmol m
-2
 s
-1
 CW control condition till harvest. 
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Appendix II: Other Supporting Materials   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. S4 The flowchart showing all basic procedures performed in these presented studies. 
Ettlia oleoabundans culture under 
different environmental conditions 
Cell harvest through centrifugation 
Re-suspend the pellets in phosphate buffer 
Cell disruption by bead-beating for 1 min 
Lipid extraction twice with 
chloroform:methanol (2:1 v/v) mixture 
Combined organic phase wash with 5% 
(%w/v) NaCl solution 
Evaporation under nitrogen to dryness 
Transesterification of the neutral lipids (TAGs) in 
hexane to yield fatty acid methyl esters (FAMEs) 
FAME profile analysis by gas chromatography-
mass spectroscopy (GCMS) 
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Peak No.  Name Notes 
1 Tridecanoic acid, methyl ester (C13:0) Internal standard 
2 Hexadecanoic acid, methyl ester (C16:0)   
3 cis-7-hexadecanoic acid, methyl ester (C16:1)   
4 cis-9-hexadecanoic acid, methyl ester (C16:1)   
5 15-methyl hexadecanoic acid, methyl ester (C17:0)   
6 all-cis-7,10-hexadecanoic acid, methyl ester (C16:2)   
7 all-cis-7,10,13-hexadecanoic acid, methyl ester (C16:3) ω3 fatty acid 
8 Octadecanoic acid, methyl ester (C18:0)   
9 cis-9-octadecanoic acid, methyl ester (C18:1) ω9 fatty acid 
10 cis-11-octadecanoic acid, methyl ester (C18:1)   
11 all-cis-9,12-octadecanoic acid, methyl ester (C18:2) ω6 fatty acid 
12 all-cis-9,12,15-octadecanoic acid, methyl ester (C18:3) ω3 fatty acid 
13 cis-9, trans-11-octadecanoic acid, methyl ester (C18:2)   
 
Fig. S5 An example total ion current (TIC) chromatogram of Ettlia oleoabundans fatty acid 
methyl esters. 
 
